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INTRODUCTION
Dermatophytes, the etiological agent of !,ingworm and other
dermatomycoses in man and animals, include the genera Epidermophyton,
Microsporum, and Trichophyton.

They have been historically

~lassified

among the Fungi Imperfecti, those fungi having no sexual cycle which
produce only asexual spores.

However, as early as 1899, evidence

began to accumulate that dermatophytes also had a sexual cycle and
could be classified among the Ascomycetes (Matruchot and Dassonville,
1899).

The studies of a number of mycologists, (Stockdale, 1961, 1963;

Dawson and Gentles, 1961; Stockdale et al., 1965) have led to the
classification of the ascomycetous state of Microsporum as the genus
Nannizzia and that of Trichophyton as the genus Arthroderma.

The

perfect (ascomycetous) state of Trichophyton mentagrophytes is now
classified as Arthroderma benhamiae (Ajello and Cheng, 1967).
In addition to ascospores, dermatophytes produce several types
of asexual spores; the type and abundance of these spores varies with
the species.
in

Fig. 1 illustrates the alternative asexual life cycles

I· mentagrophytes. In one mode it produces predominantly micro-

conidia and few macroconidia.

In the alternative mode it produces

spores similar in appearance to those produced by the genera Geotrichum and Trichosporon by the division of unspecialized vegetative
hyphae into cylindrical or spherical cells.

These spores, termed

arthrospores, are frequently found in active ringworm lesions (Rippon,
1974).

They have long been thought to be the sole means of reproduc-

/

/

(

Fig. 1.

Diagram showing the alternative asexual life cycles, of

I· mentagrophytes. In the microconidial cycle, single
celled microconidia and, occasionally, multicellular
'

macroconidia are produced in clusters along the hyphae.
In the arthrospore cycle, chains of arthrospores are
produced from the hyphae.

%
0
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tion in the parasitic stage in hairs (Tate, 1929) and their presence
in pathological materials is considered diagnostic (Ajello and Padhye,
1974). Many dermatophytes parasitic in man cause relatively noninflammatory and often very persistent types
recalcitrant to therapy.

~f

infections, often

Although defects in host cell-mediated

immunity have been proposed to explain these chronic infections (Jones
et al., 1974; Sorensen and Jones, 1976), evidence of such a defect is
not convincing.

It is generally suspected that arthrospores may be the

dormant form responsible for establishing the chronic recurrent form
'

of the infection.

A study of the formation of arthrospores in

I· men-

tagrophytes would provide basic biological information about the
establishment of dormancy in this infectious organism.

Such informa-

tion may prove to be critical to an understanding of the disease
process.

The purpose of this dissertation is to describe some cyto-

logical and physiological changes occurring during arthrospore formation in

I· mentagrophytes and to examine those environmental factors

which affect arthrosporulation.
Spores, both in bacteria and in fungi, represent a dormant stage
in the life cycle of the organism.

Sussman (1969) has defined dormancy

as 11 any rest period or reversible interruption of the phenotypic
development of an organism ...

Physiological conditions concomitant of

dormant systems are a reduced respiratory rate and the use of lipid
as an endogenous substrate during dormancy.

A decrease in the total

amount of water or its transfer to a bound rather than free form is
often found.

Finally, dormant forms of an organism invariably are

able to survive environmental conditions that would kill the vegetative stages of that organism.

4

The fungal spore arises from metabolically active cells which
undergo one of a number of types of differentiation processes.

Despite

morphological diversity of fungal spores, their principal role in the

-

fungal life cycle is to provide for survival under adverse conditions
and often for dispersal of the species.

The spores must be able to

detect and respond to conditions which would be favorable to a
resumption of vegetative growth (Hawker and Madelin, 1976).
There is little information in the literature about arthrospore
formation either in dermatophytes or in other fungi.

However, there

has accumulated a large body of literature about two different modes
of sporulation among the Ascomycetes, ascospore formation in the yeast
Saccharomyces cerevisiae and macroconidia formation in the filamentous
fungus Neurospora crassa.

Since all dormant cells have some common

characteristics and functions, the ultrastructure and physiology of
the formation of these spores are reviewed in this chapter to provide
insight into the approaches used and the knowledge accumulated about
differentiation of the dormant forms of these organisms.

The data

available on the formation of arthrospores in several non-dermatophytes
and some dermatophyte species are also reviewed.
Ascosporulation in Saccharomyces cerevisiae.
Saccharomyces cerevisiae is the principle agent of alcohol fermentation and a common leavening agent for bread.

Because of its

utility and general availability it has become one of the most
thoroughly studied microorganisms.

i·

cerevisiae is classified as an

Ascomycete, producing ascospores which are "spores produced as a
result of meiosis and enclosed within a specialized cover" (Sussman
and Halvorson, 1966). Although the structural and chemical ontogeny
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of ascospores differs markedly from that of fungal conidia, ascosporegenesis is an excellent example of differentiation to a dormant state.
Ascosporogenesis in

i·

cerevisiae has been extensively studied

and reviewed (Fowell, 1969; Tingle et al., 1973).

Early electron

micrographs of thin sections of sporulating yeasts (Mundkur, 1961;
Hashimoto et al., 1958, 1960; Marquardt, 1963) revealed that ascospore
delimitation began by two successive nuclear divisions.

A double

membrane surrounded each nucleus produced by the meiotic divisions,
together with a portion of the cytoplasm.
the cytoplasmic membrane of the ascospore.

The inner membrane became
Material was deposited on

the space between the inner and outer membrane to form the ascospore
wall.

This material appeared to be derived from the ascus cytoplasm.

Very early in ascospore formation (Illingworth et al., 1973} electron
transparent vesicles aligned around the nucleus and extensive endoplasmic reticulum was laid down.

Examination of the development of

the spore wall (Lynn and Magee, 1970) indicated that at least one layer
of the spore envelope membrane was derived from the endoplasmic reti•
culum.

The inner wall layer was synthesized through the mediation of

the endoplasmic reticulum parallel and adjacent to the spore cytoplasmic membrane.

Fat globules visible in vegetative cells by staining

with Sudan Black 8 increased throughout sporulation (Pontefract and
Miller, 1962}. Masses of fat deposits were seen beside the maturing
spore wall within the spore while outside the spore little fat was
seen.
More recent examination of sporulation in yeast using techniques
of serial thin sectioning (Moens and Rapport, 1971; Moens 1971) and
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freeze etching (Guth et al., 1972) has provided additional detail and
some clarification to the picture of nuclear division and the early
stages of sporulation.

A spindle, with an electron opaque body termed

a spindle plaque was formed and elongated during mitosis. At meiosis I,
the spindle plaque duplicated, producing two plaques side by side.
These moved apart to bracket a spindle 0.8

~m

long.

These spindle

fibers elongated with the nucleus and the nucleus became barbell
shaped.

When the spindle was 3-5

~m

long, the spindle plaques again

duplicated, forming two pair of adjacent plaques.

Meiosis II then

began before the nuclear separation of the products of meiosis I.
adjacent spindle plaques separated to bracket two 1
were perpendicular to the spindles of meiosis I.
to the side of each

plaqu~

~m

The

spindles which

Bulges of the nucleus

enlarged and were enclosed by discrete hi-

laminar structures termed forespore wall by Guth et al. (1972) and
prospore wall by Moens and Rapport (1971).

This layer, which was first

observed at the cytoplasmic side of the spindle plaque during the
second meiotic division, enclosed each nucleus along with some cytoplasm, mitochondria, and endoplasmic reticulum.

When the prospores

(forespores) reached full size, the pro(fore) spore wall closed and
mature cell wall development began.

Throughout meiosis, the nuclear

membrane remained intact (Hashimoto et 'al., 1960).
A more detailed examination of the meiotic spindle plaques
(Peterson et al., 1972) revealed that they were attached to the
nuclear membrane.

The plaque actually consisted of three zones:

an

outer zone outside the nucleus, an inner zone inside the nucleus, and
a central zone between the two layers of the nuclear membrane.
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Based on the accumulated data, Tingle et al. (1973) summarized
five stages of sporulation in
I.

i·

cerevisiae:

The period after transfer to sporulation medium when a
single indistinct spindle plaque is observed.

II. The period from the duplication of the spindles plaques
to the time when the spindle plaques have moved to face
each other for the first meiotic division.
III.

The period of nuclear elongation during the first
meiotic division.

IV.

The period including replication of the plaques for the
second division, the second division, and the concurrent
early development of the ascospores.

V.

The maturation period of the ascospores.

The capacity of the yeast cell to enter and complete the sporulation process was related to the cell's stage in the cell cycle (Haber
and Halvorson, 1972).

It was low for small single cells at the

beginning of the cell cycle and greatest for large budded cells which
were about to divide.

Mother cells sporulated better than daughter

cells, and the daughter cells required some growth before sporulation
was possible.

The shift to increased capacity occurred after bud

initiation and the beginning of DNA replication.
The process of meiosis in Saccharomyces cerevisiae was thought
to be induced by a sequence of events, both intracellular and extracellular (Crees, 1967a, 1967b). Glucose disappeared from the growth
medium, after which the cells developed the ability to metabolize
acetate and extensive biosynthetic activity occurred.

At the time of

8

nuclear enlargement, which was the earliest cytological sign of the
onset of meiosis, there was approximately a 10% increase in the protein
content of the cells.

Both RNA and protein content continued to

increase and there was a sharp rise in the cel}·mass and volume.

There

was one period of high metabolic activity which occurred early in
sporogenesis.
Nutritional factors had a marked effect on the induction of
sporulation.
tion.

In general, nitrogen sources repressed ascospore forma-

At higher concentrations (0.01 M) on most carbon sources, all

amino acids inhibited sporulation (Miller, 1963).

When dihydroxyace-

tone was used as a carbon source, or when no additional carbon source
was present, alanine, phenylalanine, glycine, and lysine, at low
concentrations (10- 4 M), increased ascospore formation.

No correla-

tion was seen between the effect of an amino acid and its value as a
nitrogen source, or the changes in oxygen uptake in its presence.
A number of carbon sources supported ascospore formation only
when present at low concentrations (0.05%).

These include glucose,

fructose, mannose and galactose (Miller, 1957). As the concentration
was increased, the spore yield decreased.

Dihydroxyacetone supported

a good spore yield, but relatively poor growth, while dl-glyceraldehyde, dl-glyceric acid, and glycerol did not support growth or
·sporulation.
The carbon source which best supported ascospore formation was
acetate.

This was reported as early as 1916 by Saito and was confirmed

by a number of investigators (Adams, 1949; Fowell, 1967). Acetate is
now widely used as the carbon source in ascosporulation medium.

While

9

increasing the concentration of acetate in the medium does lead to
increased ascospores formation, the initial pH of the medium also
affected the final percent of sporulated cells (Galzy and Bizeau, 1966).
A medium containing 100 mM acetate at an initial pH of 7 was found to
be optimal for ascospore formation.
Other factors can affect sporulation on acetate medium.

Fewell

{1967) reported that there was a small but critical C0 2 requirement
for sporulation on acetate agar.

He found that potassium improved

sporulation while nitrogen compounds and yeast extract delayed and
depressed sporulation on acetate.

Roth and Halvorson (1969) suggested

employing this suppressive effect by preparing a presporulation medium
containing yeast nitrogen base, yeast extract and potassium acetate.
This medium allowed good vegetative growth, and aclimated the cells
to acetate, resulting in an improvement in yield of ascospores.

Fast

{1972) reported that the use of such a presporulation medium resulted
/ in better synchrony of sporulation, an obviously desirable occurrence
for studying metabolic changes during sporulation.
Acetate in sporulation medium was actively metabolized and
incorporated into cellular components by Saccharomyces.

Esposito et

al. (1969) examined the fate of radioactively labelled acetate and
found that acetate respiration proceeded without lag upon the transfer
of early stationary phase cells from glucose to acetate sporulation
medium.

Of the total acetate consumed, 62% was respired to C0 2 , 22% was

incorporated into soluble products, and 16% was incorporated into cell
components.

A number of enzymes increased markedly (Miyake et al.,

1971) including aconitase, NADP-linked isocitrate dehydrogenase,

10

succinate dehydrogenase, and isocitrate lyase, while glucose-6-phosphate dehydrogenase activity decreased.
Miller and Hoffman-Ostenhof (1964) stated that, in general, sporulation media did not permit growth, either

du~·to

inclusion of a carbon

source which did not support growth or byremovalafanYnitrogen source.
If growth occurred, then the nutrient must have been depleted before
sporulation could begin.

Sporulation stimulating substances were those

which brought about the metabolic shifts necessary for the onset of
sporulation, while sporulation inhibitors were either nutrients
supporting growth, or substances which blocked essential enzyme
activities.

They proposed that removal of essential growth nutrients

lowered the concentration of repressors for synthesis of sporulation
enzymes below a threshold level, allowing initiation of sporulation
processes.
During sporulation, a number of changes occurred in the macromolecular content, cyclic nucleotide levels, respiratory capacity and
enzyme activities of Saccharomyces.

Examination of patterns of DNA

synthesis and meiotic figures led Sando and Miyake (1971) to divide
induction (I phase), DNA synthesis

sporulation into three phases:

{S phase) and maturation (M phase).

DNA synthesis occurred primarily

during S phase and slightly during M phase. Meiotic figures were most
frequent at the end of S phase.
of I phase and then stopped.

RNA synthesis increased within 3 hours

Protein synthesis increased in the first

seven hours of I phase, and then decreased during S phase and M phase.
By examining incorporation of radioactively labeled

amino acids and

nucleotides into acid precipitable fractions, Esposito et al. (1969)

11
One

found that two periods of increased protein synthesis occurred.

was early in sporulation and coincident with the increase in DNA and
RNA content.

The second occurred during ascospore development.

These

two periods of protein synthesis were required-for initiation and
completion of ascus development.
There were some changes in carbohydrate content during sporulation (Kane and Roth, 1974).

Trehalose, mannose, glucan and glycogen

were synthesized to the same extent in both sporulating and nonsporulating strains of

~·

cerevisiae, but a period of glycogen degra-

dation occurred only in the sporulating strains.

This period corre-

sponded with the period of final maturation of the ascospores.

In the

mature spores, the abundance of carbohydrates was (in decreasing order)
trehalose, glucan and alkali insoluble glycogen, glycogen, and mannan.
Lipid content and composition was altered during sporulation.
Miyake et al. (1971) reported a high level of incorporation of
acetate into lipid.

1

~C

Illingworth et al. (1973) found a four fold

increase in lipid during sporulation, the increase being greatest in
sterol esters and triacylglycerols.

There was an increase in the

total content of unsaturated fatty acids, but no significant change
in the composition of phospholipid or sterols.

When

U- 1 ~C-acetate

incorporation was examined, two periods of incorporation were observed,
one at 0-18 hours and one at 24-30 hours.

The labelled acetate was

found primarily in sterol esters, triacylglycerols and phospholipids.
Henry and Halvorson (1973) also reported two phases of lipid synthesis.

The first phase was also seen in haploid strains and was the

period during which most phospholipid synthesis occurred.

The second

12

period of synthesis was observed only in diploid cells and corresponded
with the appearance of mature asci.

Neutral lipids were synthesized

during this period, as well as during the first period.
Both endogenous and exogenous respiration-altered during sporulation.

Endogenous respiration increased after about 10 h and then

declined, while the ability to respire exogenous glucose remained high
throughout sporulation (Pontefract and Miller, 1962).

Vezinhet et al.

(1971} found endogenous respiration rose rapidly at the beginning of
sporulation, reached a maximum at 12-16 h and then declined.

Oxidation

of exogenous acetic acid was high for 1-4 h during sporulation.
The activity of a variety of enzymes was altered during ascospore formation.

At the onset of sporulation, Gosling and Duggan

(1971} found an increase in glyoxylate cycle enzymes which then allowed
oxidation of acetate.

They reported no increase in acetyl CoA synthe-

tase, TCA cycle enzymes or cytochrome concentrations.

Fructose-1,6-

diphosphatase increased when acetate oxidation was nearly maximal,
probably to allow gluconeogenesis from acetate.

An increase in iso-

citrate lyase was seen to be consistently related to increased oxygen
uptake.
Asexual spores:

Neurospora crassa.

Neurospora crassa, a common saprophytic mold, is another member
of the Ascomycetes which has been a useful tool for microbial geneticists and physiologists.

During its asexual life cycle it produces

macroconidia on aerial hyphae at the edges of a growing colony.
spores have some characteristics in common with arthrospores.

These
The

mode of ontogeny of these spores was found to be both blastic and
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arthric.

The blastic phase was characterized by a basifugal

budding

resulting in numerous constrictions along the conidiophore which had
not yet become separated by a septum (Turian and Bianchi, 1971, 1972).
This was referred to as the proconidium.

After· the formation of the

proconidia the arthric phase of conidiation occurred, during which
septa were formed at the sites of the constrictions (Turian, 1972).
Nuclear division and segregation during this sporulation process
occurred asynchronously (Bianchi and Turian, 1967a).

Proconidial

constrictions initiated between nuclei but there was not a constriction
between all adjacent nuclei, as multinucleate conidia were commonly
formed.

There was no evidence of nuclear divisions in the mature

spores.
Light microscopic investigations of macroconidial ontogeny
included some cytochemical studies to localize enzymes involved in
either fermentative or oxidative metabolism. Using cytochemical assays,
both ethanol dehydrogenase and cytochrome oxidase were localized during
differentiation (Turian and Bianchi, 1971).

The ethanol dehydrogenase

showed a dense, uniform distribution throughout the vegetative hyphae,
except at the hyphal tips.
the conidiating hyphae.

It became less dense in distribution in

Cytochrome oxidase, which is a mitochondrial

enzyme, was localized in a subapical zone in the vegetative hyphae.
Upon initiation of conidiation, it was dispersed throughout the proconidial buds.
Ultrastructural changes occurring during macroconidiogenesis
have been examined.

Early in the blastic stage, mitochondria could be

seen in the young bud, but no nucleus was present (Turian et al., 1973).
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They suggested that a papilla visible on the hyphal tip became blown
out under the internal cytoplasmic pressure. This bud subsequently
received one or more nuclei by migration into the proconidium after
asynchronous mitosis within the chain.

Elongation of the conidiophore

thus occurred by repeated basifugal budding of the proconidial chain.
The arthric phase, which intervened secondarily, was marked by the
inception of interconidial septa.

Both membranes and vesicles were

seen in association with the incipient septa.

Small electron trans-

parent ingrowths were seen at the site of constriction.
ing septa became coated with a denser material.

These develop-

The septa were ini-

tially single but became double by a process of thickening and formation of a thin electron transparent furrow in the center of the septum.
The final disjunction of the mature macroconidium was achieved by the
formation of an abscission layer at the base of the chain.
In the mature macroconidia the endoplasmic reticulum appeared
sparse and discontinuous and the nuclei were either rounded or
elongated (Namboodiri, 1966). There were complex, swollen mitochondria
within the mature spores, a large accumulation of lipid material and
extensive vacuolization (Weiss, 1965; Weiss and Turian, 1966; Turian
et al., 1973).

There appeared to be multiple nuclei, but the possibil-

ity of a single multilobed nucleus could not be entirely ruled out.
Conidiation in li· crassa was affected by a variety of physiological and nutritional factors.

Frequency of macroconidia formation was

increased by such factors as higher temperature (35-37°C) or the use of
nitrate salts as a nitrogen source rather than ammonium salts.

Glyco-

late compounds, especially glycine, stimulated conidiation on ammonium

citrate (Turian and Matikian, 1966).
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Stine and Clark (1967) found that

they could synchronize conidiation by growing the cells in Vogel's
medium N supplemented with 0.05 Mmalonate.

They harvested the cells

by vacuum filtration to produce a mycelial mat-and incubated the mats
in petri dishes in phosphate buffer pH 6.0 at 25°C.

Synchrony was

maintained only at pH 5.5-6.0 and when the submerged mycelia were first
aerated for 72-96 h.

Addition of malonate during incubation of the

mycelial mats in phosphate buffer caused loss of synchrony.
Oxygen stimulated conidiation (Kobr et al., 1967).

Shaken

cultures produced conidia on an ammonium medium which did not support
conidiation in static culture.

A decrease in oxygen tension (below

160 mm Hg) led to decreased growth rate, increased alcohol production,
and a delay in conidia formation.

With nitrate as a nitrogen source,

oxygen deprivation again led to a delay in conidiation and an increase
in alcohol production.

Although submerged sporulation does notnormally

occur, Cortat and Turian (1974) reported induction of submerged conidiation in young germ tubes, "microcycle conidiation", by growth at 46°C
for 15 h followed by a sudden shift to 25°C.

Transient treatment of

germinated conidia with sodium fluoride also caused young cultures to
prematurely differentiate conidia (Timberlake and Turian, 1975).
During this process respiration rate, the relative concentrations of
nucleoside triphosphates, leucine incorporation into protein, and
adenosine incorporation into DNA and RNA all decreased.
Amino acids, when used as a sole carbon and nitrogen
source, induced conidiation in wild type strains and a mutant strain of
~·~~which

was thought to be aconidial (Dicker et al., 1969).

The
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addition of maltose or starch to the amino acid containing medium
partially blocked the stimulation of conidiation, glucose and fructose
completely blocked stimulation, but lactose, arabinose, pyruvate,
acetate and Krebs cycle intermediates had no suppressive effect.
Growth on a medium containing both acetate and succinate also stimulated conidiation.
The carbon source was an important factor in macroconidiation.
Increased concentrations of glucose had an anticonidial action in the
presence of ammonium ions (Turian, 1970).

He found that glycolytic

inhibitors, which favor oxidative metabolism were conidiogenic and
proposed that there was catabolite repression of conidia formation.

To

support this idea, he examined a conditional morphological mutant which
conidiated only in oxidative conditions, e.g. on an acetate-succinate
medium.

Measurement of malate dehydrogenase activity, associated with

gluconeogenesis, revealed an increase in activity during proconidia
formation.

Cytological examination of cells maintained in the mycelial

state by growth in glucose supplemented ammonium medium revealed an
increase in the size of the amitochondrial zone at the hyphal tip
(Turian, 1972).

Turian (1973) suggested that 11 Sugar repression vs.

derepression of enzymes implicated in glycolytic or gluconeogenic
processes provides a control mechanism for the morphogenetic alternatives of vegetative extension growth vs. conidial differentiation at
the hypha 1 tips 11 •
Since carbon and nitrogen sources played such an important role
in the control of conidiation, the activities of a number of enzymes
involved in carbohydrate metabolism were studied.

Under conditions
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which favored conidiation, several enzymes increased in activity.
These included isocitratase (Turian, 1961), isocitrate lyase (Turian
and Matikian, 1966}, succinate dehydrogenase (Ojha and Turian, 1968;
Combepine and Turian, 1970), nicotinamide

aden~~ine

diphosphate glyco-

hydrolase (Stine, 1969; Combepine and Turian, 1970; Urey, 1971) malate
dehydrogenase and malate synthetase (Combepine and Turian, 1970).
Under conditions which favored mycelial growth, !!_. crassa was found
to have an increase in glycolytic activity and in ethanol dehydrogenase
(Weiss and Turian, 1966).

Inhibition of glycolysis by 10- 3 M iodo-

acetate or 10- 2 M sodium fluoride induced conidiation in cells grown
under 11 mycelial conditions 11 (Turian and Matikian, 1966).

Conversely,

a block in oxidative metabolism, under conditions normally favoring
conidiation, blocked their formation (Weiss and Turian, 1966). A
mutant which exhibited a circadian pattern of sporulation also had
circadian increase and decrease in several of the enzymes shown to be
increased during sporulation in wild type cells (Hochberg and Sargent,
1974). All of. these data suggested that oxidative metabolism, Krebs
cycle and glyoxylate cycle enzymes are critical for sporulation.
Arthrospore formation.
Much less is known about arthrospore formation than about ascospores of Saccharomyces or macroconidia of Neurospora, and the information obtained has been on a variety of species.

Arthrosporulating

fungi were defined by Hughes (1953) and placed in section VII of his
classification:

species whose conidia arise from septation and break-

ing up of a simple or branched hypha.

Arthrospores (or arthroconidia)

have more recently (Kendrick, 1971) been strictly defined as conidia
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whose ontogeny is thallic, i.e. the conidium is derived from an entire
cell, and whose connection to the hyphae extends the full width of the
conidiogenesis hypha.

In these thallic conidia, any enlargement of the

recognizable conidium initial occurs only after.. the initial has been
delimited by one or more septa.
The single arthroconidial species about which the most information is known is Geotrichum candidum.
~·

Carmichael (1957) described

candidum as a taxonomically distinct species, separate from others

of that genus, which exhibits characteristic flat,

whit~

rapidly

growing colonies on Sabouraud's agar and whose spores are produced by
segmentation of pre-existing hyphal elements.

Cole and Kendrick (1969),

using time lapse photomicrography, described the cytological events
•

which occurred during spore formation.

A double septum was laid down,

the order of septation being random, i.e. neither an orderly progression from tip to base nor from base to tip.

Two processes were

visibly detectable, septation and disjunction of the individual spores
from the chain.
of septation.

The order

~f

disjunction appeared to follow the order

After septation and disjunction, the walls continued to

thicken (Duran et al., 1973).

Rearrangement of existing wall polymers

and addition of new polymers resulted in an increased resistance of
these rounded thick walled cells to lytic enzymes.

They thought that

the round cells were morphologically distinct from the arthrospores
and referred to them as
~·

·~east-like

cells''.

The mature septa of

candidum contained pores comparable to the plasmodesmata of higher

plant cells (Hashimoto et al., 1973).

The membrane coating the inner

surface of these pores was continuous with the cytoplasmic membrane.
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These pores became occluded during arthrospore formation. Further light
microscopic examination by Cole (1976) revealed that sporulation in
candidum fits Kendrick's strict definition.

~·

Arthroconidia, produced

by simple fragmentation of fertile hyphae, were-initiated only after
vegetative hyphae terminatedapical growth.

The timing of nuclear

division relative to arthrospore initiation was examined by Fiddy and
Tri nci (1976).
nucleus (in

~m)

They defined the term "Hn" as the ce 11 1ength per
and found that the Hn

~a]uefor

spores was approximately

half that for the parental interseptal segments.

This means that

spores had twice the number of nuclei per unit length as the vegetative
hyphae.

Since they observed that the total length and the number of

nuclei of undifferentiated mycelia increased exponentially at the same
specific growth rate, they concluded that nuclei divide either just
before or just after the initiation of arthrospore formation.
Arthrospore formation

in~·

candidum occurred in nutrient limited,

growth limiting conditions (Park and Robinson, 1969).

If either excess

nitrogen or excess glucose was present, sporulation was delayed.

A

balanced ratio of nitrogen to glucose was required to minimize the time
necessary for sporulation, suggesting that unbalanced nutritional conditions block sporulation.

When spores were formed in nitrogen or

carbon limited conditions, the nitrogen starved spores were generally
shorter than the carbon starved cells (Trinci and Collinge, 1974).
Recently, correlations between the rate of exponential growth
and arthrospore formation have been reported (Robinson and Smith, 1976;
Kier et al., 1976).

When cells were grown in a synthetic glucose salts

medium, low glucose levels (0.1%) resulted in one exponential growth
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phase which continued until the glucose was consumed.

The cells then

entered stationary phase and sporulation was initiated.

When a higher

initial glucose concentration was used (0.5%), two exponential growth
phases occurred.

The first was marked by a 1.8·hour generation time.

The second phase, with a 4.9 hour generation time, started when less
than 15% of the glucose and 30% of the ammonium was consumed.
second phase was the sporulation phase (Kier et al., 1976).

This
Robinson

and Smith (1976), using continuous culture conditions to vary the
growth rate, demonstrated that arthrospore induction increased at
decreased growth rates.
Arthrospore formation has also been described in the imperfect
state of other fungal species. Monascus ruber (Cole and Kendrick,
1968} and Trichothecium roseum (Kendrick and Cole, 1969} were found to
form meristem arthrospores.

The ontogeny of this type of arthrospore

was different from that of the strict thallic form.

There was a

swelling of the hyphal apex followed by delimitation as a single
spore by a septum.

The area below the septum then swelled and became

delimited by another septum.

Thus the pre-existing hyphal element

was converted into conidia by the successive swelling and delimitation
of spores from the tip toward the base.

A similar process occurred in

Thielaviopsis basicola (Tsao and Bricker, 1970} except that the spore
formation proceeded acropetally, i.e. from base to tip.
Campbell and Griffiths (1974) described the development of what
they termed "endoconidial chlamydospores" in Fusarium culmorum.

Spore

production was affected by the carbohydrate:nitrogen ratios in the
media.

A low ratio (low carbohydrate, high nitrogen} favored spore
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production.
Another genus
dron.

which produced thallic arthrospores was Oidioden-

Its spore ontogeny was described by Barron (1962}.

The arthro-

spores were formed by basipetal septation of fertile, aerial hyphae,
although non-aerial, vegetative hyphae were sometimes seen to give
rise to arthrospores.

The mature spore consisted of a thick walled

internal spore and the enveloping parental hypha.

Ultrastructurally,

the thickening of the septa during sporulation gave the appearance of
connectives between the adjacent conidia {Terracina, 1977}.
Several fungi which produced antibiotics, such as Cephalosporium
and Penicillium species, formed arthrospores.
temporal relationship between these two events.

There appeared to be a
Arthrosporulation in

Penicillium chrysogenum was affected by growth rate (Righelato et al .,
1968}.

When glucose limitation was used to keep the growth rate below

0.014 per hour, conidiation occurred.

Complete growth inhibition, by

removing glucose, resulted in autolysis.
The phase of differentiation into arthrospores in Cephalosporium
acremonium coincided with the maximum rate of beta lactam antibiotic
synthesis (Nash and Huber, 1971}. Arthrospores possessed 40% greater
antibiotic producing activity than any other cell types such as hyphae,
conidia or germlings.

In a series of mutants differing in their degree

of beta lactam synthesis, arthrospore differentiation was proportional
to the titer of the beta lactam.

However, a nonantibiotic producing

mutant was found which underwent normal arthrosporulation, suggesting
that the two events, beta lactam production and arthrospore formation,
are correlated but not obligately related.

Queener and Ellis {1975)
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examined a series of

~·

acremonium mutants grown in complex medium and

found that differentiation into arthrospores accompanied synthesis of
cephalosporin C, but saw no one to one correspondence between degree of
arthrospore formation and units of cephalosporin C produced.

-·

'!

Arthrospore formation among the dermatophytes has received very

little attention.

Arthrospores, either in chains or as single cells,

were most often found associated with wet, macerated, vesicular or
pustular ringworm lesions (Miyazi et al., 197la).

Five strains of

Trichophyton rubrum, of fifteen tested, produced spherical cells
(arthrospores) which were more pathogenic to mice than the hyphae of
the same strain (Miyazi and Nishimura, 1971).

These spherical cells

could be formed in vivo as well as in vitro.
During the development of arthrospores in

I·

mentagrophytes,

strain ATCC 18748, there were multiple replication of nuclei and formation of numerous bilayered septa (Bibel

et al., 1977).

Both the outer

and septal walls thickened and the spores rounded and separated.

The

septal layers eventually separated leaving a jagged circular flange
of outer wall.
The effect of oxygen on

I·

rubrum and

examined by Chin and Knight (1957).

I·

mentagrophytes was

They found one strain of each

species produced arthrospores at 16-24% C0 2, with the balance air. King
et al. (1976) confirmed this.
arthrospore formation in
ed C02 tension.

I·

They reported both growth inhibition and

mentagrophytes when incubated under increas-

Replacement of C0 2 by either methane or helium resulted

in growth inhibition but not arthrospore formation.

They therefore

concluded that arthrosporulation was directly related to the
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presence of high levels of C0 2 •
In other reports on dimorphic changes in dermatophytes, it is
unclear whether the cells being described are arthrospores.
phic change in

A dimor-

I· mentagrophytes at 37°C on either Sabouraud's dextrose

agar, Sabouraud's honey agar, or Sabouraud's peptone agar was described
as consisting of a luxuriantly developed mycelium, the hyphae of which
swelled on one side or the other until they ballooned (Schick, 1969).
Chlamydospores were reported to be present in such cultures.

Micro-

sporum gypseum, at 37°C, produced faviform aconidial colonies with
spherical swollen cells similar to thin walled chlamydospores (Weigl
and Hejtmanek, 1977).

At 26°C, they yielded mycelia with macroconidia.

An even more sparse description of temperature induced morphological
changes in

I· mentagrophytes was given by Mares et al. (1977). At 37°C

there was an inhibition of growth rate, as determined by colony diameter measurements, a high level of glycogen, and a relative thickening
of cell walls.
Nutritional factors affecting arthrospore formation in dermatophytes have only been reported in a few papers.

Increased concentra-

tions of cysteine was reported to induce the formation of "spherical
cells" which showed higher pathogenicity than hyphal cells in deep
organs of guinea pigs (Rippon and Schur, 1959).

The description of

the macroscopic appearance of these cells on agar is consistent with
the macroscopic appearance of arthrospores.

A number of amino acids

were found to support slight to moderate arthrospore formation from
seven day old agar cultures ofT. rubrum when the cultures were
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shifted from 27°C to 37°C (Miyazi et al., 197lb). Those supporting
slight arthrosporulation were DL-valine, L-proline, glycine, DL-phenylalanine, L-tryptophan and L-threonine.

Both L-ornithine and 0.85%

NaCl supported moderate to conspicuous arthrosporulation as well as
disarticulation of the chains into single cells.
Blumenthal (1974) reported similar results in
amino acids

L-alanin~

Hashimoto and

'

I· mentagrophytes. The

L-cysteine, L-histidine, and L-leucine, as well

as dipeptides of these compounds, markedly promoted arthrospore formation but they observed no stimulation by ornithine or sodium chloride.
Since the studies of arthrosporulation in dermatophytes have
been done using several different species, have sometimes reported
conflicting results, and have reported diverse factors affecting arthrosporulation with no adequate explanation for the common action of these
diverse stimuli, a more systematic examination of this sporulation
process in a single dermatophyte species would be of value.
It is the purpose of this dissertation to examine arthrospore
formation in

I· mentagrophytes. The cytological changes occurring

during sporulation, including changes in cell wall, number of nuclei,
lipid and pigment accumulation, will be described at the levels of resolution obtained by both light and electron microscopy.

Changes in the

relative content of RNA and protein alteration of respiratory activity,
and accumulation of a non-diffusible pigment during arthrosporulation
will be measured.

The effects of temperature, incubation atmosphere,

nutritional factors and growth inhibitors will be described.

Finally,

an attempt will be made to explain the similar action of these diverse
factors in terms of their effect on the growth and arthrosporulation
of

I· mentagrophytes.

MATERIALS AND METHODS
Organism.
Trichophyton mentagrophytes ATCC 26323 was used throughout this
study.

Stock cultures were maintained on Sabouraud's Dextrose Agar

(SDA) at room temperature.

Cultures were transferred monthly by spread-

ing dilute suspensions of microconidia on SDA so that colonies derived
from single spores were obtained.
~ype,

In this way, the granular colony pheno-

rather than the cotton phenotype,·could be maintained by selection.

Media.
A.

Sabouraud's medium.
Sabouraud's dextrose agar (SDA, Difco) and Sabouraud's dextrose

broth (SOB, Difco) were used when complex media were required.

SDA

contained 1% neopeptone and 4% glucose while SOB contained 1% neopeptone
and 2% glucose.

For routine use, SOB was supplemented with additional

glucose (Mallinckrodt) to bring the concentration to 4%.
B.

Complex peptide sources.
When medium without glucose was required, neopeptone, peptone, or

tryptone (Difco) were used.
C.

Defined medium.
A modification of the defined medium of Merz et al. (1972) was

used.

The medium contained 1% D-glucose, 1% KH 2 P0 4 , 0.5% MgS0 4 ·7H 2 0,

0.02 mg %each of FeC1 3 and ZnS0 4 ·7 H2 0 and 0.01 mg% MnS0 4 ·H 2 0.
salts at these concentrations wi 11 be referred to as Msalts.
25
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last three salts were usually prepared as a 100 X concentration stock
solution which was then added to the medium at a ratio of 1:100. All
components were combined before sterilizing in an autoclave.
L-amina acids were used they were added to a
25. mM.

fi~al

When

concentration of

For certain experiments in which individual components of the

medium were varied or eliminated, the various carbohydrates, amino acids
and salts were prepared at 10 X concentration, autoclaved·separately
and then combined in the appropriate combinations to bring the final
concentrations to those listed.
Inoculation and culture conditions.
A.

Preparation and standardization of microconidia inoculum.
Microconidia were produced, harvested and purified as described

by Hashimoto et al. (1972).

The fungus was grown on SDA at 30°C for

7 days, at which time abundant microconidia were produced.

These were

removed from the agar surface by gently scraping the culture with a
sterile glass rod covered with a 1 em length of tygon tubing.

The

spores were transferred to a 30 ml glass centrifuge tube containing
3-5 ml sterile distilled water and gently homogenized using the glass
rod to produce a spore suspension.

This suspension was then filtered

through 10 layers of sterile cheesecloth in a conical funnel to eliminate residual hyphae and undispersed spore masses.

The filtrate, con-

taining individual microconidia was washed at least 5 times by repeated
centrifugation at 10,000 RPM for 10 min (IEC Model B-20, Rotor # 870)
and resuspended in sterile distilled water.

During the entire purifi-

cation procedure the spores were kept below 4°C.

After washing, the

concentrated spore suspension was dispensed into small (10 x 75 mm)
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sterile glass tubes (Scientific Products) in 3-4 drop portions and
stored frozen.

The last drops of suspension were streaked onto Trypti-

case Soy Agar (Difco) and incubated at 30°C and 37°C to check for contamination.
For use as a culture inoculum, the microconidia were suspended in
sterile distilled water to a turbidity of 100 Klett units (KU) using a
number 54 filter in a Klett-Summerson colorimeter.

The 100 KU spore

suspension was inoculated 1:100 into fresh sterile medium.

This inocu-

lum size was found, in preliminary experiments, to be optimal for
arthrosporulation in SOB.
B.

Growth on solid media.
For growth on agar media microconidia were inoculated between

squares of sterile dialysis membrane as follows:

dialysis membrane was

cut into 1 em squares and boiled for 15 min in 0.01 Mdisodium ethylenediaminetetraacetate (EDTA; Mallinckrodt) to which a small amount of
NaHC0 3 was added.

(Occasionally, a single piece of membrane, to cover

the whole agar surface, was used.) The membranes were washed and
sterilized in distilled water.

Single squares were placed on SDA and

inoculated with one drop of a 10- 4 dilution of a 100 KU microconidia
suspension.

A second membrane was placed on top.

This membrane
11

sandwich culture technique kept the hyphae from growing into the agar,
11

providing a more uniform environment.

It also suppressed microconidia-

tion which might interfere with arthrospore formation.

For inoculation

of other solid media used to test the effects of nutritional factors
on arthrospore formation, the membrane sandwich was incubated on SDA
for 24 h at 30°C, washed with sterile distilled water, poured gent1y
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over the membrane using a pasteur pipet, and transferred to the test
medium.
C.

Growth in liquid media.
All complex liquid media were inoculated as described above.

For

inoculation of defined media, young germ tubes were used to avoid artifacts due to specific nutritional requirements for germination of the
microconidia (Hashimoto et al., 1972}. Microconidia were first inoculated in SOB and incubated for 12-24 h at 30°C.

This culture was then

harvested by vacuum filtration on membrane filters (0.45

~m,

Millipore

Corp.). After thorough washing with sterile distilled water, the hyphae
were resuspended in a few ml of the same and 1 to 2 drops were inoculated into the test medium.

For all liquid cultures, the volume of liquid

was l/5 the stated flask capacity.

When 10 x 75 mm glass tubes were

employed, the culture volume was 1 ml.

All liquid cultures were incu-

bated without shaking.
D.

Incubation temperature.
Cultures incubated at 37°C were placed in an environmental room

(Lab-Line Instruments, Inc.).

Cultures maintained at 30°C were incu-

bated in either a Model 805 incubator (Precision Scientific) or a
gyratory shaker (New Brunswick Scientific Co.).

For incubation of

liquid cultures at other temperatures, constant temperature water baths
(New Brunswick Scientific; Thelco) were used.

Those baths were also

used occasionally for cultures kept at 30°C and 37°C.
E.

Incubation atmosphere.
All liquid cultures, and most agar cultures were incubated in air.
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When alteration of incubation atmosphere was desired, agar cultures,
inoculated as described, were placed in vacuum dessicator jars.

The

jars were evacuated with a house vacuum line and either N2 or C0 2 (Benster Specialty Gas Co.) was introduced to the desired level.

A mercury

manometer (Fisher Scientific Co.) was used to monitor the vacuum obtained and the amount of gas introduced.

Air was then introduced into the

jar until a slight negative pressure (1-2%) remained, at which point the
jar was sealed.
F.

Growth inhibitors.
Several antifungal agents were added to SDA to investigate their

effects on arthrospore formation.

These were griseofulvin (Sigma Chemical

Co.), amphotericin B (E. R. Squibb and Sons) and clotrimazole (Delbay
Pharmaceuticals).

Each was dissolved in acetone (Mallinckrodt) at lOOX

the test concentration; 0.1 ml was added to 10 ml SDA and poured into
50 x 9 mm petri dishes.

These plates were then inoculated as described

above.
Physical and Biochemical assays.
A.

Dry weight determination.
To measure the dry weight of cultures, either for normalizing data

obtained in biochemical assays or for determination of growth rate, cells
were harvested by filtration onto tared Millipore filters which had been
predried, together with aluminum foil planchets, to a constant weight in
a 60°C drying oven (Blue M Electric Co.).

The filters were then washed

with distilled water, replaced in the preweighed foil planchets and
again dried to a constant weight.
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B.

Growth determination.
Three different measures of fungal growth were employed:

1. dry

weight; 2. germ tube elongation; and 3. colony diameter.
1.

Dry weight.

At 0 h, 28 small (125 ml.) flasks, each containing

25.ml SOB were inoculated as described above and incubated at 37°C. At
8 h intervals, the dry weights of the contents of each of two flasks
were determined as described above.

Cultures were also examined micro-

scopically at the time they were harvested, and a visual estimate of
the percent of hyphae which were hypersegmented was made.

Phase con-

trast micrographs were obtained of each culture at that time.

The pH

of each culture filtrate obtained after harvesting was determined using
a Model LS pH meter (E. H. Sargent and Co.).
2.

Germ tube elongation rate.

Growth rate at various tempera-

tures was determined by measuring germ tube elongation in SOB.

Measure-

ments were made over an 8 h period on microconidia germinated for 9 h
at 30°C and then shifted to the appropriate temperatures.

At each

sampling time, 25 germ tubes were measured microscopically using a
calibrated ocular micrometer (Scientific Products) and the mean and
standard error were calculated.

Details of the microscopy are described

below.
3.

Colony diameter.

One loopful of a 1 KU suspension of micro-

conidia was inoculated at the center of a standard petri dish of either
SDA or 1% neopeptone, 1.5% agar.
30°C or 37°C for 14 days.

The plates were incubated at either

The colony diameter was measured in em in

2 directions and, for each condition tested, the mean value for 10
colonies was obtained and the standard error was determined.
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C.

Quantitation of arthrospore formation.
The degree of arthrospore formation was determined according to

the method of Timberlake and Turian (1975).

After 7 days of incubation,

either the bottom layer of the membrane sandwich culture, to which the
cells adhered, or a drop of a liquid culture was placed on a glass
microscope slide and examined microscopically using an oil immersion
objective as described below.

The percent of hyphal tips containing

arthrospores was calculated after examining 200 tips.
D.

RNA and protein analysis.
RNA and protein were extracted from cultures grown to various ages

at 37°C in SOB, harvested by vacuum filtration on Millipore filters and
lyophilized (Virtis Model # 10-145-MRBA).
ing to the method of Herbert et al. (1971).

Extraction of RNA was accordLyophilized cells (approx-

·imately 60 mg) were suspended in cold 0.25 N HC10 4 in

a small

sterile

glass centrifuge tube and kept in an ice water bath for 30 min with
occasional shaking.

The cells were centrifuged for 10 min at 10,000 RPt4

and the supernatant discarded.

The pellet was resuspended in 4 ml of

0.5 N HC10 4 and incubated at 37°C for 90 min with gentle shaking.

The

cells were centrifuged for 10 min at 10,000 RPM and the supernatant retained.

The pellet was washed once with 4 ml of 0.5 N HC10 4 and the

wash was pooled with the 37°C extract supernatant.
natants \'/ere the RNA fraction.

The combined super-

The pellet was resuspended in 2 NaOH for

30 min at room temperature to obtain the protein fraction.

RNA was as-

sayed by the orcinol method (Eastman Kodak; Schneider, 1957) using yeast
RNA as a standard (Sigma Biochemical Co.).

Protein was determined bythe

method of Lowry et a 1. (1951 ) , using crys ta 11 i zed bovine serum a1bumi n as a

33

F.

Pigment.
Pigment was extracted by suspending cells in 10 ml of 95% ethanol

and heating in a boiling water bath for 15 min.
removed and A4ss was measured using a
and Lomb).

Spectroni~

The supernatant was
70 colorimeter (Bausch

The pellet was collected by vacuum filtration on predried,

preweighed Millipore filters and the dry weight was determined.
G.

Isolation of arthrospore walls.
Arthrospores were disrupted by sonication followed by shaking in

a cell disintegrator.

During all manipulations, the cells were kept at

0-4°C to minimize autolysis.

A concentrated spore suspension was

sonicated in an ice bath using a Branson sonifier (Heat Systems-Ultrasonics, Inc.) at 4 amperes for 2 min intervals with one min rest periods
for a total of 20 min sonication.

Microscopic examination at this

stage revealed well dispersed cells.
of the arthrospores were broken.

Most of the hyphae and a number

The sample was distributed between

2 vials, each containing 2.5 ml glass beads (75-150
Chern. Co.).

~m

diameter, Sigma

The vials were placed in a Mickle Cell disintegrator

(H. Mickle Co.) and shaken at maximal amplitude at 4°C for 20 min.
The sample was kept standing for 10 min to allow the glass beads to
settle out, examined microscopically to determine the extent of cell
breakage and then subjected to two additional cycles of breakage.
After 40 min approximately 80% of the spores were broken.
ing did not increase the breakage.

Further shak-

After the glass beads had settled,

the supernatant was centrifuged at low speed (4,000-5,000 RPM).

The

pellet was washed in distilled water by repeated resuspensionandcentrifugation until the supernatant was clear and the pellet appeared, by
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microscopic examination, to be free of cytoplasmic contamination.

The

walls were then suspended in a small volume of distilled water and frozen.
H.. Acid hydrolysis of arthrospore walls.
Acid hydrolysis was carried out on washed arthrospore walls.Thewalls
(l-2 mg) were heated crt ll0°C in 2 ml of 1 N H2 S0 4 in sealed glass ampoules
for 17 h.

These conditions were found by Wu (1976) to be optimal for

recovery of carbohydrate wall constituents.
The acid hydrolysates were neutralized with Ba(OH) 2 and centrifuged at 5,000 RPM to remove the BaS0 4 precipitate.

The supernatant

was dried in a vacuum desiccator over NaOH.
I.

Paper chromatography.
The dried hydrolysate was resuspended in 50

~1

distilled water,

spotted on 22 x 9 inch Whatman # 1 filter paper and run in descending
fashion in n-butanol:pyridine:O.l N HCl (5:3:2) solvent. A reference
standard containing 2 mg/ml each of glucose, galactose, mannose, ribose,
and glucosamine was also spotted on the paper.

The chromatogram was

run for 38-45 h at room temperature, air dried and sprayed with aniline
oxalate.
J.

The spots were developed by heating at ll0°C for 5 min.

Isotope incorporation.

Glucose and leucine incorporation was determined using uniformly
labelled 14C-D-glucose or 14C-L-leucine (Amersham, Searle). For each
sample, one ml of cells which had been germinated in SOB at 30°C for
12 h, washed and resuspended in 2 X Msalts was added to 1 mM D-glucose
or L-leucine containing 1

~Ci

radioactivity.

The cells were incubated
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for 5 hat 30°C or 37°C in metabolic flasks sealed with serum bottle
stoppers.

After incubation the cells were chilled and harvested on

membrane filters (Millipore).
glass scintillation vials.

The filters were washed and placed in

1 4 C0 2

evolution reSUlting from glucose or

leucine oxidation was measured by trapping the C0 2 in one ml of 20% KOH
present in a well in the center of the flask during incubation.

The

sorbant was placed in a scintillation vial at the end of the incubation
period.

Five ml of scintillation fluid (Ready-Solv, Beckman

was added to each sample.

Instrument~

The samples were counted in a Tri-Carb liquid

scintillation counter (Packard).
Light and Electron Microscopy.
A.

Light microscope and camera systems.
All light microscopy was performed with a Nikon light microscope

fitted with both phase contrast and plain objectives.

Photomicrographs

were made on panchromatic film (Plus-X, Kodak) with a Nikon camera
equipped with an automatic exposure system attached to the microscope.
Film was developed with Microdol developer (Kodak).

Color micrographs

were taken using Kodachrome II Professional film and developed by a
commericial laboratory.
B.

Lipid stain.
Lipid granules of hyphae and arthrospores were stained by the

method of Burdon (1946) using Sudan black B (Sigma) in 70% ethanol.
C.

Nuclear stains.
Nuclear stains of both hyphae and arthrospores were prepared

according to the method of Bianchi and Turian (1967).

The cells were

fixed in a 1:3:6 mixture of glacial acetic acid:CHC1 3 :95% ethanol at

room temperature for 24 h.
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They were washed once with 70% ethanol and

3 times with distilled water.
chloric acid for 8-10 min at

The cells were hydrolyzed in 10% per~ooc

and cooled.

After washing 3 times

in distilled water and once in 0.01 Msodium phosphate buffer (pH 6.0)
they were suspended in Giemsa R66 (George T. Gurr, Ltd.) diluted 1:5
(vol/vol) with phosphate buffer and stained for 30 min.

The cells were

again washed with phosphate buffer and wet mounts were examined by light
microscopy.
D.

Time lapse photomicrography.
A photographic record of the process of septation and maturation

of arthrospores in a single hyphal branch was obtained by periodic
microscopic examination of a slide microculture.

The microcultures were

prepared by placing one drop of molten sterile SDA on a sterile glass
slide (# 2957, Corning Glass Works) and allowing it to harden.
was inoculated with one drop of a 1 KU

The agar

suspension of microconidia and

covered with a sterile 22 x 22 mm cover glass, No. 1 thickness (Scientific Products).
at 37°C.

The slide was incubated in a sterile glass petri dish

It was kept above the bottom of the dish by resting it on

small glass test tubes.

Moisture was maintained by the addition of

sterile water to the bottom of the dish.

Individual hyphae were relo-

cated for repeated observation by the use of a rectangular mechanical
stage equipped with vernier scales in both the horizontal and vertical
axis calibrated to 0.1 mm.
E.

Electron microscoPY.
Cultures of various ages were fixed overnight in 2,5% glutaralde-

\
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hyde (Matheson, Coleman, Bell) in 0.015 M veronal acetate buffer pH
6.0 (Kellenberger buffer; Kellenberger, 1959). The fixed cells were
washed and postfixed overnight in 1% osmium tetroxide (Ernest F. Fullam,
Inc.) in Kellenberger buffer.

After dehydration through a graded ace-

tone series, the cells were embedded in a mixture of Epon 812 and 815,
which was polymerized at 60°C.

Sections were cut with glass knives on

an LKB 4800A Ultratome (LKB producter AB) and mounted on copper grids
{300 mesh, Ernest F. Fullam, Inc.).

After staining with alkaline lead

citrate (Reynolds, 1963), sections were examined with a Hitachi HUllA
electron microscope operating at 50 KV.

Electron images were recorded

photographically on Kodak projector slide plates.
Source of chemicals.
L-amino acid were obtained from Sigma Chemical Co.

Carbohydrates

were obtained from Mallinckrodt and Nutritional Biochemical.

Sodium

veronal {5,5-diethylbarbituric acid, sodium derivative) was obtained
from J. T. Baker Chemical Co., as were most of the inorganic salts used.
An alternate source of inorganic salts was Fisher Scientific Co.

RESULTS
I.

Structure of T. mentagrophytes arthrospores and morphological

changes occurring during arthrosporulation.
A.

General growth characteristics during arthrosporulation.

I· mentagrophytes, when grown in SOB at 37°C, either shaking or
static, will produce chains of refractile arthrospores four to five
days after inoculation with microconidia.

A typical growth curve,

obtained by determining dry weights of broth cultures as described in
Materials and Methods, is shown in Fig. 2.
growth curve were kept static.

The cultures used for this

For the first 40-48 h of growth the

dry weights increased at a constant linear rate of 0.1 mg/h.

Betw~en

48 and 56 h the growth rate slowed to 0.015 mg/h and this new growth
rate was maintained as long as growth was followed (112 h).

Throughout

the growth of the cultures, the pH of the medium remained essentially
constant at 5.6, which was the pH of the uninoculated medium.
Phase contrast micrographs were taken of each culture at the time
of harvesting.

These micrographs are seen in Fig. 3.

Each frame, a

through 1, corresponds with the same time point in Fig. 2.

From 8 to

40 h of growth (Fig. 3a-3e) when the growth rate was higher (0.1 mg/h)
the cultures consisted of long branched vegetative hyphae which had
cells, separated by vegetative septa, of approximately 24

~m.

At 48 h

(Fig. 3f),which corresponded to the end of the more rapid increase in
dry weight seen in Fig. 2, septa began to be seen at more frequent
38

Fig. 2.

Growth curve of l· mentagrophytes in SOB at 37°C.

Each

point (41) represents the mean dry weight of duplicate
'

cultures.

The percent hyphae in each culture which was

segmented ( 0) and the pH of each culture fi 1trate ( • )
was also determined.
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Fig. 3.

Phase contrast micrographs of l· mentagrophytes
undergoing arthrospore formation in SOB at 37°C.
The micrographs (a-1) were taken at the time of
harvesting the cultures used to construct the
growth curve in Fig. 2.
right represents 10

~m.

The bar in the lower
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intervals (every 4-5

~m)

in some hyphae.

The percent of arthrosporwat-

ing hyphae, as determined by visual estimation (Fig. 2), increased
until 72-80 h to about 60% and then remained constant under these
experimental conditions.

If cultures were grown on the surface of

dialysis membrane on SDA at 37°C, 100% sporulation could be achieved.
While the percent of sporulating hyphae increased (48-72 h), those
cells which had initiated sporulation (Fig. 3f-3i) became increasingly
refractile.

After 72 h (Fig. 3j-31) the rectangular cells became more

spherical and the refractility continued to increase.

At 96 h (Fig. 31)

some of the long chains of arthrospores began to break up into shorter
chains of 4-5 cells, but single arthrospores were not seen in broth
cultures up to 112 h.

Single arthrospores and short chains of spores

were more readily obtained when cultures were grown on dialysis membrane on SDA at 37°C.
B.

Time lapse photomicrography of arthrospore formation in T. menta-

grophytes.
To be able to classify the spores obtained at 37°C in Sabouraud's
medium as arthrospores, it must be demonstrated that these spores are
produced by an arthric mode of ontogeny.

That is, it must be seen that

they are formed by division of a pre-existing hyphal element without a
requirement for de novo growth.

Other questions to be answered about

the sequence of septum formation during arthrosporulation are:
is the order of placement of septa in time and space and 2.

1. what

do the

sites of placement of septa appear to be rigidly controlled? To answer
these questions, a series of pictures was taken of a single hyphal
branch undergoing segmentation and the subsequent maturation into
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spherical, refractile arthrospores (Fig. 4).

The first micrograph of

the sequence (Fig. 4a), labelled 0 h, was taken 48 h after the microculture was inoculated as described in Materials and Methods.

The

white arrow indicates a septum, visible throughout the sequence of
pictures, which can be used as a point of reference.
In the main horizontal hypha, tip elongation continued for
approximately 6 h after segmentation was initiated, (Fig. 4c) but this
was vegetative growth not directly involved in spore formation.

The

brandescontinued to grow until 8 h, (Fig. 4d) at which time, although
the main hypha had completed division into arthrospores, no segmentation of the branches had occurred.

By 19 h, (Fig. 4e) the branches

had divided and the segments had become phase bright and begun rounding.
The new septa were not inserted in any discernibly regular order
along the length of the hypha; septation did not proceed from tip to
base or from base to tip.

There was some indication that each new

septum divided a pre-existing cell approximately in half.

At 0 h (Fig.

4a) two phase bright spots (indicated by black arrows) could be seen at
either end of the segment between the first and second septa to the
left of the reference.

This may indicate nuclear segregation or cyto-

plasmic changes taking place in preparation for division before the
septum has been formed.

Subsequent micrographs showed that a septum had

been made at that site.

There was not a strict control of the place-

ment of septa.

At 3 h (Fig. 4b) the third and fourth septa to the left

of the reference (indicated by a black arrow) were seen to be much
closer together than the diameter of the average arthrospore.

By 19 h

Fig. 4.

Time lapse phise contrast micrographs of a hypha
of l· mentagrophytes undergoing arthrospore formation on SDA at 37°C.

Single white arrow in a-f

points to a septum visible in all pictures in the
sequence.

(a):

the 0 h picture taken 48 h after

inoculation of the culture.

(b-f):

pictures taken

of the same hypha at times indicated in the lower
right corners.

Bar in frame f represents 10

~m.
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(Fig. 4e) it could be seen that the space between these two septa would
not develop into a spore.
Between 6 and 8 h (Figs. 4c, d; 54-56 h total growth) an increase
in refractility of the square to rectangular ce1ls became evident.

By

19 h (Fig. 4e; 68 h total growth) the cells became highly refractile
and had begun to assume their final spherical shape.

In the last

picture, taken at 48 h after the start of the sequence (Fig. 4f; 96 h
total growth) the spores had assumed their final spherical shape and
the chains of spores had begun to disarticulate into shorter chains.
Thus it can be concluded that the ontogeny of these spores was strictly
arthric, the spores being produced successively in time and irregularly
in space.
C.

Nuclear segregation during arthrosporulation.
Figure 5 shows typical patterns of nuclear segregation in both

vegetative hyphae and during several stages of arthrospore formation.
In the vegetative cells (Fig. 5A) there were 2-4nuclei per 24

~m

cell.

At the onset of sporulation (Fig. 5B) when the average cell length was
about 10

~m,

there were 3-4 nuclei per cell.

These nuclei were not

necessarily evenly distributed through the cytoplasm.
progressed, most cells had 2 nuclei (Fig. 5C).

As division

Upon completion of

sporulation, both single and multinucleated arthrospores could be seen
(Fig. 50).
spores.

The number of nuclei per cell was counted in 500 arthro-

Of these, 70% had one nucleus, 27% had two nuclei, and 3% had

three or more nuclei.
sporulation.

The number of nuclei appeared to increase during

The number of nuclei per hyphal length was determined

from micrographs of cells stained at the onset and the completion of

Fig. 5.

Nuclear stains of

I·

mentagrophytes hyphae at various

stages of segmentation.
age cell length 24

~m;

A.
B.

Vegetative hypha, averEarly in arthrospore forma-

tion, average cell length 10

~m;

stage, average cell length 7.5

C.

~m;

Slightly later
D.

After comple-

tion of septation, average cell length 3.5
number of nuclei/10
in Table 1.

~m

~m.

Mean

hypha at each stage is listed

Bar represents 5

~m.
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Table 1.

Relative number of nuclei at different stages
of arthrosporulation in I· mentagrophytes

Culture age
(h)

Average cell
1ength (J..lm) ·

Mean number of
b
nuclei/10 J..lm hypha

24

24.0

1.0

48

10.0

1.4

64

7.5

2.0

72

3.5

2.7

a.

Distance between two adjacent septa.

b.

Hyphal measurements were made on micrographs of
known magnification using a ruler graduated in mm.
Nuclei were visualized using Giemsa nuclear stain
as described in Materials and Methods.
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segmentation (Table 1).

These values provide a measure of the amount

of mitosis occurring during the first stages of sporulation.
vegetative hyphae (24

~m

~m

cells) there was 1 nucleus per 10

In the
hypha.

In hyphae which had just begun the process of

~porulation

(10

age cell length) there were 1.4 nuclei per 10

~m

As division

hyphae.

~m

aver-

progressed, the number of nuclei continued to increase (2.0 nuclei/10
~m

hypha).

per 10

~m

When arthrosporulation was completed, the number of nuclei
hypha was 2.7.

Thus it appeared that the number of nuclei

almost tripled during the arthrospore formation.
D.

Cytological changes in lipid content during arthrosporulation.
Cells stained with Sudan Black B during arthrosporulation showed

a change in appearance of the lipid granules.

In Fig. 6A, the vegeta-

tive hyphae contained numerous small lipid granules.

As arthrosporula-

tion began, the lipid granules increased in size (Fig. 6B).

Later in

sporulation the number of granules remained essentially unchanged, but
the granules were much larger and appeared to take up most of the intracellular space (Fig. 6C).

In the arthrospores, the lipid granules

appeared smaller than those seen during spore formation (Fig. 60).
E.

Accumulation of pigmented intracellular granules.
The terminal step in arthrospore formation appeared to be the

intracellular accumulation of orange pigments.

Cells grown under

conditions conducive to arthrosporulation for seven days or more developed this macroscopically visible color.

When these cells were

examined by light microscopy, discrete orange granuleswere seen intracellularly (Fig. 7). Most cells have several of these granules, which

Fig. 6.

Lipid stain of

I· mentagrophytes hyphae

at different stages of segmentation.
A.

Vegetative hypha.

B and C. Early and

late stages duri-ng septation; D. Cells
after completion of septation.
represents 5

~m.

Bar

Fig. 7.

Photomicrograph of arthrospores of

I· menta-

grophytes which have accumulated yellow orange
intracellular pigment granules during maturation.

The micrograph was taken without phase

optics for clear visualization of the pigment.
Bar represents 10

~m.
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tended tore clustered subapically.

Before the appearance of the orange

color, colorless granules of similar size could reseen in many arthrospores.

Cultures grown under conditions where arthrosporeswere not

formed did not contain these pigmented granules... Extraction and
analysis of the pigments in these granules revealed them to be carotenoid pigments (personal communication, T. Hashimoto).

To our knowledge

this is the first demonstration of carotenoid pigments indermatophytes.
F.

Ultrastructural changes occurring in T. mentagrophytes during

arthrospore formation.
During the process of arthrospore formation from vegetative
hyphae, striking changes occurred in the cell wall and in the appearance of intracellular pigment granules.

Other organelles (nuclei,

mitochondria, endoplasmic reticulum, etc.) exhibited no outstanding
alterations during arthrosporulation.

Consequently, examination of

the ultrastructural changes during arthrospore formation in I· mentagrophytes has focused primarily on wall changes and the accumulation
of the intracellular granules.
The mature arthrospore (Fig. 8) had a thick, bilayered, stratified cell wall.
0. 5 ~m thick.

The entire wall, in cross section, was usually 0.4The outer wall (OW) and inner wall (IW) were demarcated

by a very thin layer of increased electron density.
of the outer wall often had a fuzzy appearance.

The external edge

The cytoplasmic mem-

brane profile was crenate and was that of a typical unit membrane.

In

this figure there was a single nucleus (N) surrounded by a double
nuclear membrane (nm) and containing a nucleolus (nu). Mitochondria {m),
endoplasmic reticulum and free ribosomes were visible.

The scale

•

Fig. 8.

Electron micrograph of typical cross section
of a mature arthrospore of

I· mentagrophytes

from a 96 h SOB culture, 37°C.

Visible in

this section are outer wall layer (ow),
inner wall layer (iw), nucleus (N), nuclear
membrane (nm), nucleolus (nu), and mitochondria (m).

Bar represents l

~m.

52
bar in this figure and all subsequent electron micrographs, unless
otherwise stated indicates 1

~m.

A number of cytological changes in the wall can be described
based on both light and electron microscopic

e~idence.

The conidio-

genous cell from which the arthrospores are formed is the vegetative
hypha.

Fig. 9 shows the profile of a young vegetative cell (24 h).

The wall profile was 0.25-0.3

~m

thick and appeared to be homogeneous

although there may be some indication of an extremely thin inner layer
(< 0.1 ~m).

An external sheath was· also evident.

from a 40 h SOB culture is seen in Fig. 10.

The tip of a hypha

It should be remembered

that 40 h was shortly before arthrosporulation began {Fig. 2).
septum could be seen over the 24
micrograph.

~m

No

length of hypha visible in the

Although the formation of sporulation septa had not

commenced in this hypha, changes in the wall profi 1e were evident.
cell wall was about 0.3

~m

thick and was divided into two layers, inner

wall and outer wall, of differing electron density.
divided the two.

The

A thin dark layer

There was also a very thin electron dense layer at

the outermost edge of the wall.
The initial stage of sporulation was the formation of numerous
septa.

The invaginating wall material (Fig. llA) was continuous with

the inner but not the outer wall.

The~electron

dense strip between the

two layers invaginated with the inner layer and formed a septal furrow
between the two layers of septal wall.
by the cytoplasmic membrane.
edge of the septum.

The septum remained surrounded

Horonin bodies could be seen at the inner

The tips of the septum were still distinct,

although the lighter staining of the cytoplasm between the tips may be

Fig. 9.

Electron micrograph of a vegetative hypha of

l· mentagrophytes from an i8 h, 37°C, SOB
culture.

The wall, (w) appears uniform and

surrounded by an outer sheath (sh).
represents 1

~m.

Bar

Fig. 10.

Electron micrograph of hyphal tip of
a 40 h 37°C, SOB culture.

I·

mentagrophytes from

Electron lucent inner wall layer

(iw) distinct from the outer wall layer (oovJ) is now visible.
Fuzzy material (f) around the hypha is visible.
drion; N:

nucleus.

Bar represents 1

~m.

m:

mitochon-

'·

Fig. 11.

Electron micrographs of hyphal tips of

I· men-

tagrophytes during (A) and after completion (B)
of a double walled sporulation septum (s).
Septal furrow (sf) is visible during and after
septum formation but Woronin bodies

(\~B)

only visible during septation.

nucleus;

ow:

outer wall; iw:

cellular granules.

N:

inner wall; ig:
Bar indicates 1

~m.

are

intra-
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an indication that the tips had started to fuse.
wall was still 0.3

~m

thick; 0.1

~m

At this stage the

inner wall and 0.2

~m

outer wall.

When the septum was completed (Fig. 118) the septum and septal furrow
were continuous across the cell to the inner
la~er;

ed~~

of the outer wall

there was no septal pore visible in any section examined.

The

narrow electron dense layer completely bordered the inner cell walls.
This gave a dark-light-dark sandwich appearance to the septal furrow.
A number of large intracellular granules of moderate electron density
could be seen at the septal end of the cell.

Several small electron

dense granules are also seen in the cytoplasm.
The shape of the septum appeared to vary in different sections
(Fig. 12). This septum was tapered toward the tip while that seen in
the previous figure was equally thick along the whole length.

A cross

section through a septum (Fig. 13) showed concentric layers of wall,
cytoplasm, wall and a septal pore which may be cytoplasm or part of a
woronin body.

This configuration, together with the variability of the

shape of the invaginating septa, suggests that the septum may not
always invaginate straight across the hypha, but may sometimes bend.
After septation, inner wall thickening occurred (Fig. 14).
Although the total wall was still about 0.3
inner wall was slightly thicker (0.18-0.2
slightly thinner (0.1

~m).

~m

~m)

thick (Fig. 14 A, C) the
while the outer wall was

Fig. l4C, a higher magnification of two of

the cells in Fig. 14A, showed multiple nuclei (three) in a single cell.
Electron lucent triangles at either end of the septum (arrows) were an
early sign that the two layers of septum were beginning to separate as
the cells started to become spherical.
Although the average cell length was 3.4

~m,

two septa were some-

, I

Fig. 12.

Electron micrograph of higher magnification of a
sporulation septum of
formation.

I· mentagrophytes during

The invaginating tips of the septum

have not yet fused, so that the septal pore (P)
and Woronin bodies (WB) are still visible.
inner wall; ow:
s:

septum.

outer wall; sf:

Bar represents 0.5

iw:

septal furrow;
~m.

0.5 )Jm

I

•

Fig. 13.

Electron micrograph of cross section through a
septum of l· mentagrophytes arthrospore.

Cell

components visible in this section are outer
wall (ow), inner wall (iw), cytoplasm (c) and
septum (s).

Fluffy appearance of the outer wall

layer is evident.

Bar represents 0.5

~m.

Fig. 14.

Electron

microgra~hs

of longitudinal section of

hyphae during wall thickening and the beginning
of cell separation.

A.

When septation is

complete, square to rectangular cells are formed .
B.

Occasional septa (s) less than 3

be seen.

C.

~m

apart can

Higher magnification of a portion of

the hypha in A.

Multiple nuclei (N}, an increase

in inner wall (iw) thickness and a decrease in outer
wall (ow) thickness are evident.
electron lucent

triangles~

Arrows indicate

an early sign of the

separation and rounding of adjacent spores.
m:

mitochondrion.

Bar represents 1

~m.
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times seen to be much closer together (Fig. 148) as was previously
observed by light microscopy.
0.6

In this case, the two septa were only

apart from center to center.

~m

able by light microscopy.

These would be just barely resolv-

Data from phase contrast micrographs, light

micrographs of nuclear stains and electron micrographs indicated that
these small segments were usually anucleate and ultimately did not
form viable arthrospores.
While the wall thickening was occurring, the arthrospores attained their final spherical form (Fig. 15).
as 0.45

~m

in some spots.

The inner wall was as thick

The cells became rounded, the two layers of

the septum having separated at the outer edges.

The outer wall layer

was frayed, much thinner over the septum, and was separating from the
inner wall, indicating that autolysis of the outer wall was occurring.
This lytic process appeared to occur asymmetrically; it had proceeded
further toward the upper cell than toward to lower cell at the site of
the septum.

Completion of this digestion and separation of the cells

was the final step of arthrospore formation, although complete separation of the individual cells did not usually occur in SOB.
Intracellular granules corresponding to the pigmented granules
were seen by electron microscopy.

Such intracellular granules could

be seen in cells 48 to 72 h old, a fairly early stage of sporulation
(Fig. 118).

In the completed arthrospores, these granules exhibited

unusual staining properties.

Figure 16A is a section of a pigmented

arthrospore which was fixed with glutaraldehyde and osmium tetroxide
as described in Materials and Methods, and was examined without post
staining with lead citrate.

A number of electron dense osmiophilic

Fig. 15.

Electron micrograph of mature rounded arthrospores
of l· mentagrophytes.
0.3-0.5

~m

thick.

The inner wall {iw) is now

The cells have become rounded

and the outer wall (ow) is only evident over parts
of the cell.

The general fuzzy appearance of the

outer wall and within the enlarged electron lucent
triangles indicates digestion of wall material has
been occurring.

s:

septum.

Bar represents 1

~m.

'f

Fig. 16.

Electron micrographs of mature arthrospores of

I· mentagrophytes containing numerous intracellular granules.

A.

Before staining with

lead citrate, the granules appear highly osmiophilic.

B.

After staining with alkaline lead

citrate, the granules are electron lucent.
Bar represents 1

~m.
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granules were evident .. In cells fixed with glutaraldehyde alone, the
granules were not dark.

Wlen the glutaraldehyde, osmium tetroxide

fixed cells were poststained with alkaline lead citrate, the granules
appeared electron lucent (Fig. 16B).

In the poststained cells, the

dark lines separating each granule disappeared toward the middle,
giving some indication that some of the granules might eventually
coalesce.
There is preliminary evidence that these intracellular granules
described above are the pigment granules.

The pigment could be

completely extracted from the arthrospores by treatment with hot 95%
ethanol.

When thin sections of arthrospores subjected to such treat-

ment were examined (Fig. 17 ) the granules were no longer evident, and
short white lines could be seen throughout the cytoplasm.

These may

be pigment granules which had collapsed after their contents had been
extracted.
II.

Analysis of selected cellular components of arthrospores and their
changes during sporulation.

A.

Cell wall carbohydrates.
Analysis of both microconidial wall and hyphal wall by Wu (1976)

revealed that carbohydrate comprised 88.2% of the dry weight of the
hyphal walls and 79.4% of the dry weight of the walls of microconidia.
The neutral sugar content of the microconidia walls was predominantly
glucose and mannose with a trace amount of galactose.

Chitin accounted

for 20% of the total carbohydrate of the intact microconidia walls.
Since carbohydrate was the predominant wall component in both hyphal
and microconidial

wall~

and since the major structural changes during

Fig. 17.

Electron micrographs of pigmented arthrospore of

l· mentagroohytes after extraction in hot 95 %
ethanol.

Arrows indicate unusual white bars seen

throughout the cytoplasm and thought to be collapsed
pigment granules.

N:

nucleus.

Bar represents 1

~m.
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arthrosporulation occurred in the cell wall, a preliminary qualitative
assessment of the carbohydrate content-of arthrospore walls was made.
Pure preparations of clean arthrospore walls were difficult to
obtain due to the resistance of arthrospores to_{llechanical stress.
Us~ng

prolonged sonication and cell disruption with glass beads in a

Mickle cell disintegrator only 70-80% breakage could be achieved.

The

component carbohydrates were separated by paper chromatography after
acid hydrolysis of the walls as described in Materials and Methods.
Fig. 18 is a diagram of the pattern obtained after development of the
chromatogram with aniline oxalate.

The wall carbohydrates consisted of

two sugars, which had Rglu values identical to authentic glucose and
mannose standards.

There was no detectable galactose or glucosamine,

and no ribose spot, which would be evidence of cytoplasmic contamination,
was seen.

The mannose spot was much smaller and less intense than the

glucose spot, indicating that the wall carbohydrates were predominantly
polymers of glucose.

It should be noted that aniline oxalate detects

only reducing sugar.
B.

RNA and Protein.
RNA was extracted from cultures grown in SOB at 37°C for various

periods of time so that they had ·reached different stages of sporulation.

Fig. 19 shows the relative changes in RNA contents expressed as

the percent of the 35.3

~g

RNA/mg dry weight extracted from micro-

conidia, which were used as the inoculum.

The values shown are average

values of duplicate extracts from each· of two different cultures of
the same age.

There was an increase in RNA/mg dry weight by 16 h,

approximately 5 h after germination has occurred in the majority of
spores in the inoculum.

In cells in the vegetative stage (by 32 h)

.

.
Fig. 18.

Diagrammatic representation of descending paper

0

RIBOSE

0
0

MAN NOSE
GLUCOSE

0

GALACTOSE

0

GLUCOSAMINE

chromatogram of an acid hydrolysate of l· mentagrophytes arthrospore walls.

Neutralized wall

hydrolysate was spotted on Whatman #1 filter
paper at the line marked origin.

A standard

solution containing equimolar concentrations of
glucose, galactose, mannose, ribose, and glucosamine (1

~g

origin.

The chromatogram was run in a descending

0

0

each/ml) was also spotted at the

solvent system of butanol :pyridine:O.l N HCl
(5:3:2) and developed with aniline oxalate spra·y.

HYD~4L~sATESTANDARD

ORIGIN

Fig. 19.

Relative content of RNA (-.)and protein
HC10 4 extracts of cultures of

(~)

in

l· mentagrophytes

incubated in SOB at 37°C for various periods of
time.

RNA and protein were assayed as described

in Materials and Methods and expressed as percent
of the content

(~g/mg

dry weight) in extracts from

microconidia (0 h cells).

For comparison of the

stage of growth and sporulation, data from Fig. 2
has been superimposed.
[J:

mg dry weight.
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68

RNA decreased to the 0 h level but again increased by 40 h of growth,
just before arthrosporulation began.

Once arthrosporulation commenced

(by 48 h), the RNA content decreased again to the level seen at 0 h.

•

At later stages (80 and 96 h) when cell wall

t~ickening

and spore

maturation were occurring, the RNA content/mg dry weight fell below
that of the microconidia.
The cell residue remaining after RNA extraction was analysed for
protein content.

These values, seen in Fig. 19, were also expressed

as the percentage of the 317
conidia.

~g

protein/mg dry weight found in micro-

Unlike the RNA levels, there was no increased in protein

seen before 40 h ef growth.

During the vegetative stage the amount of

protein/mg dry weight dropped to 50% of that seen in microconidia.

By

40 h, however, there was an increase in protein to 90% of the 0 hvalue,
after which, from approximately 48 to 96 h, the relative protein content again decreased to 40-50% of the total protein content of microconidia.

The change in protein parallelled the change in RNA except

in the young germlings.
C.

Pigments.
The orange

pigmen~s

which were visible in discrete intracellular

granules could be extracted with hot 95% ethanol.

By measuring the

absorbance of these extracts at 455 nm (A 455 ) the kinetics of pigment
accumulation were followed.

Each extraction was done using approxi-

mately the same amount of cells and the final volume of the extract
was brought to 10 ml.

Fig. 20 shows the increase in the amount of

pigment extracted from cultures of different ages and the percent of
arthrospores in the cultures.

An increase in extract absorbance at

90
80

.4

-•I
•

70
60

.3

IC)
IC)

50

~

Fig. 20.

Increase in hot ethanol extractable pigment from

I· mentagrophytes grown on SDA at 37°C. Symbols:
• : A455; 0:

%segmented hyphae (from Fig. 2).
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455 nm began at 5 days after sporulation was completed and continued
for 14 days, at which time monitoring was ended.
III.

Changes in respiratory activities during arthrosporulation in
T. mentagrophytes.
Among microorganisms which form spores, including

R·

~·

cerevisiae,

crassa, and species of the genus Bacillus, there is an increase in

oxygen consumption just prior to the onset of sporulation.
endogenous respiration and oxygen uptake in

Both

I· mentagrophytes in the

presence of exogenous glucose were measured using a constant volume
respirometer (Fig. 21).

Cultures were grown to various ages in SOB

at 37°C and the determinations were carried out as described in
Materials and Methods.

T. mentagrophytes had a relatively high rate

of endogenous respiration.

This has been reported for other dermato-

phytes (Stock and McPherson, 1964; McBride and Stock, 1966).

When net

respiration of glucose was measured in cultures of various ages, it
was found that 24 and 48 h cultures had a rate of respiration of
approximately 6 1-1l/mg dry weight/h (Q

02

) over the endogenous rate.

The standard errors reflect the variability in the calculated Q

02

different cultures of the same age.

In 96 h and 68 h cultures, which

were predominantly arthrospores, the endogenous Q

02

higher than the Q

02

for

appeared to be

in the presence of 56 mM glucose.

Although there

was no significant difference between the means when a statistical
evaluation was done using Student•s t test,it was thought that this
might reflect a suppressive effect of glucose on respiration and that,
at lower glucose concentrations, respiration in younger cultures might
be enhanced.

Respiration in 12 to 48 h cultures was determined both

Fig. 21.

Endogenous and substrate respiration by T. mentagrophxtes

Q02 expressed as ~1 02 uptake/mg
Symbols: 0 : endogenous Q02 in 0.05,

grown in SOB at 37°C.
dry \-Jeight/h.

M NaP0 4 buffer, pH 6.0;

e :

Q in 56 mM glucose in
02
% segmented hyphae (from Fig. '2);

inset symbols:

.

*:

0. 05 r1 NaP0 4 buffer, pH 6. 0;

'

a : endogenous Q02 in 0.05 M NaP0 4

,

pH 6.0; 8 : Q in 28 m~ glucose in 0.05 M NaP0 4
02
buffer, pH 6.0. Bar indicates the standard.error of the
mean.
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endogenously and with 28 mM glucose as a substrate.

No significant

difference in Q was seen in the 24 or 48 h cultures when compared to
02
the values at the higher substrate concentration. A 12 h culture,
not included in the original study, was found to have a higher rate
of glucose respiration than the 24 or 48 h cultures: 10

~1

02/mg dry

weight/h.
IV.
A.

Factors affecting growth and arthrosporulation ofT.

mentagrophyte~

Temperature.
Temperature of incubation was found to markedly affect arthro-

spore formation in Sabouraud•s dextrose medium, either agar or liquid.
Temperatures between 32°C and 39°C supported arthrosporulation, while
at temperatures of 31°C or lower, although good vegetative growth
and microconidiation occurred, little or no arthrospore formation was
seen.

Several parameters had an effect on the degree of arthrospore

formation in SDB at sporulation conducive temperatures.
size of 5 x 10 4
sporulation.

to

An inoculum

5 x los microconidia/ml of culture allowed the best

Below that concentration, arthrospore formation decreas-

ed, while higher concentrations inhibited germination of the microconidia.

The culture volume had to be no more than l/4 the flask

capacity to insure sufficient aeration.
When cultures were grown at 37°C in SOB, arthrospore formation
was always initiated between 40 h and 48 h after inoculation of the
broth with microconidia (Fig. 2), while at 30°C no sporulation was
seen.

A number of questions arose regarding this phenomenon.

Was a

culture initially grown at 30°C permanently blocked in arthrospore
production or could it be induced to form arthrospores if shifted up

73

in temperature to 37°C?

If sporulation occurred, after such a shift,

would it occur in a specific period of time after the temperature
shift or after the culture was inoculated? Would cultures originally
incubated at 37°C produce arthrospores if

shift~d

to 30°C before

sporulation had initiated? Could maturation of arthrospores in
cultures which had initiated sporulation at 37°C be blocked by shiftjng
the cultures to 30°C? To answer these questions, cultures were incubated for 1 to 6 days at either 30°C or 37°C and then shifted to either
37°C or 30°C for a total of 6 days incubation.
Cultures grown in SOB at 37°C for up to 48 h and then shifted to
30°C did not produce arthrospores (Table 2).

When cultures were incu-

bated in SOB at 37°C for more than 48 h, so that arthrosporulation
commenced, shifting the culture to 30°C did not prevent arthrosporulation from proceeding to completion.

Conversely, cultures incubated for

up to 5 days at 30°C would form arthrospores if shifted to 37°C (Table
3).

This arthrospore formation always commenced approximately 48 h

after the shift to 37°C.
The growth rates of cultures in SOB were also affected by temperature.

Growth curves were constructed from measurements of germ tube

elongation at various temperatures.
from one such experiment.

Figure 22 shows curves constructed

A SOB culture was incubated for nine h at

30°C, at which point most of the microconidia were germinated and the
mean germ tube length was 5.6

~m.

Half of this culture was shifted to

37°C and half was kept at 30°C. Growth rates were calculated from the
steepest part of the curve (Table 4).

At those temperatures which

were conducive to arthrospore formation (> 32°C) the rate of germ
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Table 2.

Effect on arthrospore formation of successive transfer of
SOB cultures of I· mentagrophytes from 37° to 30°C.

First incubatjon
37°C (days)

Second incubation
30°C (days)b

Arthrospore
formationc

6

0

+

5

1

+

4

2

+

3

3

+

2

4

±

1

5

0

6

a.

Cultures were grown in SOB and transferred from 37°C
to 30°C after the incubation period listed.

b.

Cultures were incubated for a total of 6 days.

c.

Arthrospore formation was scored according to the
following scheme: +: 50% of culture was mature
arthrospores
+: 50% of culture was mature
arthrospores; some segmentation,
but few mature arthrospores seen
-· no arthrospores seen
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Table 3.

Effect on arthrospore formation of successive transfer of
SOB cultures of I· mentagrophytes from 30°C to 37°C.

First incubation
30°C (days)a

Second incubaSion
37°C (days)

Arthrospore
formation

6

0

5

1

4

2

+

3

3

+

2

4

+

1

5

+

0

6

+

a.

Cultures were grown in SOB and transferred from 30°C
to 37°C after the incubation period listed.

b.

Cultures were incubated for a total of 6 days.

c. Arthrospore formation was scored according to the
following scheme: +: 50% of culture was mature
arthrospores
+: 50% of culture was mature
arthrospores; some segmentation,
but few mature arthrospores seen
-: no arthrospores seen

Fig. 22.

Growth of

I·

mentagrophytes in SOB at 30°C and

37°C as measured by germ tube elongation.

A

single culture was inoculated with microconidia
and incubated for 9 h at 30°C at which time a
0 h sample was taken and the culture was split
into two flasks, one incubated at 30°C (0) and
one at 3]0C ( e

).

Each point represents the

mean of 25 germ tube length measurements.

Bars

the period of growth represented in this graph
~m

hyphae.

b
z
w

_J

w

m
:::>

......

~

indicate the standard error of the mean. Over

there was a mean of 1 nucleus/10

I
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w
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w
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(Data from Table 1.)
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Table 4.

Growth rate of T. mentagrophytes at various temperatures and nutritional conditions.

Temperature
(oc)

~1edi

urn

Arthrospore
forma tiona

Growth rate
in broth:
b
(doublings/h)

Growth rate
on agar:
colony diameter (cm)c

26

Sabouraud's

0.41

NOd

30

Sabouraud's

0.47

6.8 + 0.60

32

Sabouraud's

+

0.42

ND

34

Sabouraud's

+

•' 0.43

ND

37

Sabouraud's

+

0.36

6.0 + 0.03

(p<.Ol)

30

1% Neopeptone

+

0.22

5.5 + 0.12

(p<.Ol)

e

no arthrospores by 7 days

a.

+: arthrospore formation by 7 days incubation;
incubation.

b.

Growth rate in broth was determined from the steepest part of the germ tube
elongation curves derived as explained in ~aterials and Methods.

c.

Mean colony diameter· of 10 colonies +standard error.

d.

Not determined.

e.

Significance level of Student's t test comparing sample with mean colony
diameter on SDA at 30°C.
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tube elongation was slower. Mean colony diameter was also determined
at 30°C and 37°C (Table 4) to see if there was a difference in growth
over a longer period of time (14 days rather than 9-17 h).

There was

a significant difference in mean colony diameter at the 0.01 significance level as evaluated using Student's t test.
B.

Effect of temperature on selected metabolic activities in T. mentagrophytes.
Although hyphal elongation was slower under conditions which

allowed arthrosporulation, other metabolic activities might not be
similarly affected.

In order to investigate this possibility, evolu-

tion of C0 2 and total uptake of glucose and leucine at 30°C and 37°C
were measured using uniformly labelled l'+C-glucose and l'+C-L-leucine
(Table 5).

These, together with determinations of oxygen consumption

using a Warburg constant volume respirometer and of germ tube elongation rates provide a comparison of overall growth and metabolism of
young (12 h) cells at sporulation conducive and non-conducive temperaAlthough elongation rate at 37°C is 77% of the i rate at 30°C,

tures.

the other metabolic activities measured, oxygen consumption, glucose
and leucine oxidation, and glucose and leucine uptake, show equal or
greater rates at 37°C than at 30°C.

This indicated that the decrease

in elongation rate was not accompanied by a similar decrease in the
metabolic activities

measur~d.

c. .P.!i.
Arthrospore formation occurred at 37°C over a pH range of 4-9
using a variety of buffers in either SDB or Mmedium.

The percent of
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Table 5.

, I

Comparative metabolic rates at sporulation
conducive and non-conducive temperaturesa

Metabolic
parameters
Germ tube
elongation rate
(doub1ings/h)

0.36

0.47

0.77

8.2

8.9

0.92

11.5

8.5

1.35

02 uptake

(~1/h/mg dry wt):
endogenous
28 mM glucose,
net rateb

14 C glucose
(CPM/mg dry wt)c:
14 C0 2 evolution
9,792
total uptake
577,417

7,416
359,083

1.3
1.6

14 C leucine
(CPM/mg dry wt)d
14C0 2 evolution
11,000
total uptake
336,917

8,250
239,083

1.3
1.4

a.

Cultures were preincubated for 12 h in SOB at 30°C
harvested and washed as described in Materials and
Methods.

b.
c.

Q glucose minus Q endogenous.
02
02
% available glucose counts used during 5 h incubation: 37°C, 49.6%; 30°C, 30.9%.

d.

%available leucine counts used during 5 h incubation: 37°C, 23.3%; 30°C, 16.6%.
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the hyphae which sporulated was highest in the range of pH 4-7 in SOB
and pH 5-7 in Mmedium.

Outside those ranges less sporulation was seen

and a significant amount of cell lysis was noted.

No arthrospores were

formed at any pH tested at 30°C.
'!

D.

Gaseous environment.
Arthrospore formation occurred at 30°C on SDA when 5-20% of the

incubation atmosphere was replaced by either N2 or C0 2 (Fig. 23).

The

presence of NaOH pellets, to remove residual C0 2 did not affect the
results obtained with N2 •

NaHC0 3 at concentrations ranging from 0.8 mM

to 46 mM was added to cultures buffered at pH 6.0 and incubated in air.
At these concentrations, C0 2 in solution was equal to that which would
be obtained under atmospheres of from 2% to 100% C0 2 • No arthrospores
were seen in these media, either liquid or agar at 30°C. Thus it
appears that a decrease in oxygen tension, rather than an increase in
C0 2 is responsible for the increased sporulation.
E.

Effect of carbohydrate on arthrospore formation on neopeptone or
other complex peptide sources.
Although at 30°C cultures grown in Sabouraud's medium, consisting

of 1% neopeptone and 4% glucose, did not form arthrospores, cultures
grown in neopeptone alone at 30°C did produce 30% hyphal tips with
arthrospores (Fig. 24).

At concentrations of neopeptone between 0.3%

and 1%, there was a linear increase in the proportion of arthrospores
in the cultures.

Addition of as low ·as 1% glucose suppressed arthro-

spore formation at those concentrations of neopeptone.
were formed on all of those media at 37°C.

Arthrospores

100

(/)

w

Fig. 23.

Effect of atmosphere of incubation on arthrospore
formation in

l·

(())

mentagrophytes at 30°C on SDA.

was introduced as described in Materials

and Methods.

0

0

Q.

(/)

The percent of replacement gas, either N2 (e) or
C0 2

a::

The balance of the atmosphere was air.
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Fig. 24.

Arthrospore formation by l· mentagrophytes at 30°C
on neopeptone agar with and without glucose.
Symbols:

e:

no glucose; A : 1% glucose; X:

2% glucose; [J :

3% glucose.
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Neopeptone was not the only complex peptide source with which
this phenomenon was observed (Fig. 25).

Tryptone and peptone also

supported arthrospore formation at 30°C when used as the sole carbon
and nitrogen source.

There was a steady increase in the amount of

arthrospore formation as the concentrations of neopeptone and peptone
were increased to 4%.

Cultures grown on medium consisting of 4% of

either neopeptone or peptone had 85-95% arthrospores.

When tryptone

was used the cultures did not exceed 50% tips with arthrospores.

It

should be noted that the percent of tips with arthrospores was variable
for any one growth condition.

Therefore, all points represent the

average of at least 3 separate experiments.

Although variability was

observed, the general trends seen in the figures were always observed.
Even at the higher neopeptone concentrations

(~

1%) addition of

glucose suppressed arthrospore formation at 30°C (Fig. 26).

At each

concentration of neopeptone tested, addition of increasing amounts of
glucose caused suppression of the degree of arthrospore formation at
30°C.

On 1% neopeptone, 1% glucose was sufficient to completely

suppress arthrosporulation at 30°C.

When 2% neopeptone was used, 4%

glucose was required for this same level of suppression.

At higher

neopeptone concentrations, glucose suppression at 30°C was not complete.
Even with 4% glucose added to the medium, 20-30% arthrosporulation
occurred on 3% or 4% neopeptone at 30°C.
A variety of carbon sources other than glucose were tested for
their ability to suppress sporulation on neopeptone medium at 30°C
(Table 6).

In addition to glucose, arabinose, fructose, rhamnose, and

galactose allowed good growth and completely suppressed arthrospore
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Table 6.

Effect of additional carbon sources on arthrospore formation on 1% neopeptone at 30°Ca

Supplemental carbon sourceb

GrO\oJthc

None
Glucose
Arabinose
Fructose
L-Rhamnose
Galactose
~1a 1tose
Cellobiose
Acetate
2-deoxyglucose
Sucrose

+4
+4
+4
+4
+4
+4
+4
+4
+2
+1
+4
+4
+4
+4
+4
+4
+4
+3

~1annitol

Sorbitol
Inositol (meso)
Inosine
Raffinose
Inulin
Succinate

% tios with arthrospores
56
0

0
0
0
0
12
9

0
0
54
57
55
53
64
55
55
54

a.

Cultures incubated for 7 days.

b.

All carbon sources added to 4% and autoclaved with neopeptone
and 1.5% agar. All sugars, except rhamnose, were D-sugars.

c.

Growth index: +l barely visible colonies; +2 small discrete
colonies; +3 large colonies, edges touching but discrete;
+4 confluent growth.
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formation.

A variety of sugars also allowed good growth but had no

suppressive effect.

These included sucrose, mannitol, sorbitol, ino-

sitol, inosine, raffinose, inulin, and succinate.
maltose partially suppressed sporulation.

Com~lete

Cellobiose and
suppression was

also seen with acetate and 2-deoxyglucose, but growth was very poor.
The growth rate of T. mentagrophytes in 1% neopeptone at 30°C
was lower than the rate at the same temperature in SOB (Table 4}.

The

rate of germ tube elongation was equivalent to that obtained at 37°C
in SOB.

The mean colony diameter of 14 day cultures on 1% neopeptone

agar at 30°C was also significantly smaller than on SOA (p = 0.01).
F.

Effect of carbohydrate on arthrospore formation in minimal media.
Arthrospores can be formed at 37°C in a minimal salts medium

containing a carbohydrate and an amino acid (Hashimoto and Blumenthal,
1974). The effect of the carbohydrate on this arthrospore formation
was investigated by inoculating young (24 h) hyphae into a defined
medium consisting of salts and a carbon source with or without an amino
acid and incubating at 37°C for 6 more days (7 days total incubation).
Arthrosporulation occurred to varying extents, depending on the nature
of the carbon source.

When young hyphae were inoculated into a defined

medium consisting of salts and a carbon source with or without an amino
acid, arthrosporulation occurred at 37°C to various extents, depending
on the nature of the carbon source (Table 7).

A good carbon source,

such as glucose, was able to sustain a high degree of arthrospore formation with or without the addition of 25 mM L-alanine.

Sodium acetate

allowed only a minimum amount of sporulation without an additional
nitrogen source, but almost complete sporulation was achieved when
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·.Table 7.

Effect of selected carbohydrates on arthrosporulation
in defined medium at 30°C and 37°Ca

Carbohydrate

Nitrogen source

% tips with arthrospores at
30°C
37°C

Glucose (56 mM)

None

0

95

Glucose (56 mM)

25 rnt-1 alanine

0

86

Na acetate
(12 llt-1)

None

0

17

Na acetate
(12 mM)

25 mM alanine

0

89

Na succinate
(42 ITt-1)

None

0

0

Na succinate
(42 m....,)

25 mM alanine

0

12

a.

Hyphae grown for 24 h in SOB at 30°C were harvested and washed
as described in Materials and Methods. They were inoculated
into the defined medium of Merz et al. (1972) supplemented
with the carbohydrate and nitrogen source listed above and
incubated for 6 days at the temperature stated.
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1-a1anine was added.

Acetate at concentrations above 12 mM had a strong

growth inhibitory effect and lead to significant culture lysis.

When

sodium succinate was used as a carbon source, no sporulation was seen
at 37°C.

Even the addition of 1-alanine cause&;only a slight increase

in- sporulation.

No arthrosporulation occurred at 30°C in any medium

listed in Table 7.
G.

Effect of amino acids and ammonium salts on arthrospore formation
in minimal media.
When a battery of amino acids and ammonium salts were tested for

their ability to support arthrospore formation with or without an
additional carbon source (glucose) they fell into four groups (Table 8).
The first group, including alanine, glycine, leucine, serine, and valine
supported 60-90% arthrospore formation with or without glucose as a
supplementary carbon source.

Within this group the degree of growth

varied from barely visible colonies to large, almost confluent but
still discrete colonies.

Isoleucine, differed from the other amino

acids and might be considered a second "group••.

It allowed 99% arthro-

sporulation only when glucose was added; there was no growth obtained
when glucose was omitted.
Arginine, histidine, and proline comprise the third group of
amino acids.

These compounds allowed lower levels of arthrospore forma-

tion, from 7%to 39%.

Deletion of glucose from the medium reduced the

level of sporulation only in the medium containing histidine (from 10%
to 0%).

The final group, including ornithine, glutamic acid, glutamine,

lysine, phenylalanine and tryptophan, as well as NH 4 Cl and {NH 4 ) 2 S0 4 ,
allowed only vegetative growth at 37°C.

Three additional

a~ino

acids,
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Table 8.

Am'1no ac1'db

Arthrospore formation at 37°C on defined
medium containing various amino acidsa

Molarity
(mM)

L-alanine
Glycine
L-leucine
L-isoleucine
1..-serine
L-va1ine
L-arginine
L-histidine
L-proline
L-ornithine
L-g1utamic acid
L-g1utamine
L-1ysine
L-phenylalanine
L-tryptophan
NH~+Cl

(NH~+hSO~+

25
25
25
25
25
25
12.5
25
25
25
12.5
25
25
25
25
25
25

with glucose
without glucose
Growthc %tips with Growth % tips with
arthrospores
arthrospores
+3
+2
+1
+1
+1
+1
+.1

+1
+2
+3
+3
+2
+2
+2
+2
+2
+2

86
77

90
99
71
59
39
10
8
0
0
0
0
0
0
0
0

+3
+2
. +1
d

59
94
91

+1
+1
+1
+1
+2
+2
+2
+2
+2
+2
+2
NDe

55
56
36
0
7
0
0
0
0
0
0
ND
ND

ND

a.

Defined medium of Merz et al. (1975) substituting amino acid
for L-asparagine. All cells grmm at 30°C for 24 h on SDA
and then transferred to test medium.

b.

L-asparagine, L-cysteine, and L-aspartic acid did not support
growth at 37°C at concentrations tested (25 mM and 12.5 mM).

c.

Growth index as in Table 5.

d.

No growth.

e.

ND

= not

determined.
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L-aspartic acid, L-asparagine, and L-cysteine, were tested but did not
support growth at either 12.5 or 25 mM.

No arthrospore formation was

seen at 30°C with any amino acid tested in Table 8.
H.

Inorganic salts.
When all salts were eliminated from the Mmedium, so that cells

were inoculated into either 1% glucose or 1% glucose plus 25 mM L-alanine, significant cell lysis occurred so that no sporulation was
detectable.

Elimination of any one salt, with the exception of KH 2 P0 4

had no detectable effect on normal arthrospore formation.

It appeared,

however, that a source of inorganic phosphate was required for arthrospore formation.

Total elimination of KH 2 P0 4 blocked sporulation.

Replacement at levels as low as 0.001%, one hundredth of the level tn
Mmedium, was sufficient to support arthrospore formation.

NaH 2 P0 4

or K2 HP04 could be substituted at 0.1% to 0.001% to obtain a normal
yield of arthrospores.
I.

Minimum nutritional requirements for arthrospore formation in T.
mentagrophytes.
The ability of vegetative cells committed to sporulation to form

mature spores upon removal of exogenous nutrients is termed endotrophic
sporulation (Lewis, 1969).

Endotrophic sporulation has been described

in bacteria (Hardwick and Foster, 1952; Perry and Foster, 1954).
order to examine the possibility of endotrophic sporulation in

l·

In
men-

tagrophytes, the minimum nutritional requirements for arthrospore formation in cultures of

l·

mentagrophytes of various ages were determined.

Cultures were grown for different periods of time in SOB and then washed
and inoculated into Mmedium from which one or more of the

~omponents

were deleted (Table 9).
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Forty-eight h cultures, which had begun to

form arthrospores,required no exogenous nutrients to complete sporulation, i.e. could sporulate endotrophically.

When transferred to dis-

tilled water, 76% sporulation was obtained.

Yo~nger

cultures, which

were still vegetative cells, required a carbon source for arthrosporulaWhen a carbon source, either 56 mM glucose or 25 mM

tion to occur.

alanine, was provided, cultures as young as 12 h, consisting of germ
tubes with a mean length of about 10
approximately 50

J.

~m

~m,

were able to elongate to

and form arthrospores.

Effect of antifungal agents on arthrospore formation.
Low levels of several antifungal agents were tested for their

ability to stimulate arthrospore formation on SDA at 30°C (Table 10).
Griseofulvin and clotrimazole, both effective inhibitors of growth in

I· mentagrophytes, stimulated a low level of arthrosporulation (12-15%)
at very low concentrations of drug (0.5
trimazole/ml).

~g

griseofulvin or 0.1

~g

clo-

Amphotericin B, which is slightly less effective in in-

hibiting growth of

I· mentagrophytes, stimulated a greater degree of ar-

throspore formation, 90%, at a higher concentration (5

~g/ml).

amphotericin B/ml the amount of sporulation was reduced.

At 10

~g

Below the con-

centrations listed there was luxuriant growth and no arthrosporulation.
At levels of antifungal agent from two to five fold higher than those
listed, no growth was observed.

Growth rates in the presence of concen-

trations of Amphotericin B or griseofulvin which stimulated arthrospore
formation were determined (Table 10).

The length doublings/h were

~ch

lower in the presence of these antifungal agents than in SDB alone or in
the control containing 1% acetone, the solvent used for the antibiotics.

Table 9.

r~edi

Effect of medium composition on arthrosporulation in
T. mentagrophytes cultures of various ages.a

urn
12 h

%tips with arthrospores
culture age at transfer
24 h
36 h

48 h

Distilled H2 0

0

0

0

76

P04 buffer
0.05 M, pH 6.0

0

0

0

69

P0 4 buffer
0.05 M, pH 7.0

0

0

0

81

Msalts
without KH 2 P04

0

0

0

ti salts
complete

0

0

0

M salts
+56 m~1 glucose

95

95

61

82

Msalts
+25 mt1 a 1ani ne

98

100

91

86

SOB

40

61

55

50

a.

Inocula of specified ages were prepared as described in Materials
and Methods and incubated at 37°C for 7 days total incubation.

b.

Culture lysis of 30% or greater was observed.
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Table 10.

Effect of selected antifungal ageRts on arthrospore
formation in I· mentagrophytes at 30°C.

Antifungal agenta

Concentrafiion
(llg/ml)

% tips with
arthrospores

Growth rate
(doubling/h)

Griseofulvin

1.0
0.5

0
15

0.30

Clotrimazole

0.5
0.1

0
12

NDc

10.0
5.0

30
90

0.22

1%

4

0.45

0

0.47

Amphotericin B
Acetone control
SDA
a.

Each drug was prepared at 100 x concentration in acetone and
0.1 ml was added to 10 ml molten SDA.

b.

At concentrations 2 to 5 fold greater than those listed, no
growth was observed.

c.

Not determined.

DISCUSSION
From the data presented in this dissertation, three broad conclusions can be obtained.

1. The chains of refractile spherical cells

are, because of their mode of ontogeny, true arthrospores.

2.

During

their formation several metabolic changes occur which are consistent
with a differentiation to a distinct cell type which can exist in a
dormant state.

3.

The formation of these dormant cells occurs when

the rate of apical extension growth is reduced without a parallel
reduction in some other metabolic processes resulting in a state of
unbalanced growth.
Textbooks in medical mycology usually describe the spores found
in ringworm lesions of the skin or in infected hair as arthrospores
(Rippon, 1974; Emmons et al., 1977) although occasionally the term
chlamydospore also appears (Emmons et al., 1977).

It is evident that

the term arthrospore has been applied to the dermatophyte spores on the
basis of the final appearance of the cells.

Such classification can

lead to confusion, since spores produced in entirely different ways can
be morphologically identical upon completion.

For example, both

Cladosporium cucumerinum and Geotrichum candidum produce chains of oval
to spherical spores.

However,

~·

cucumerinum produces its spores by

a blastic process, budding from the tip of the growing chain of spores
(Fukutomi, 1974)

while~·

process (Cole, 1976).

candidum produces spores by a purely arthric

There has been no description in the literature

of the active course of formation of those spores in T. mentagrophytes.
95
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In 1971, at a meeting on criteria and terminology in the classification of Fungi Imperfecti, it was formally proposed that classification of spores be based on their mode of ontogeny rather than solely on
their morphology (Kendrick, 1971). Arthrospores were defined as those
conidia which are formed by a thallic mode of ontogeny, i.e. the fragmentation of a pre-existing conidiophore or hyphal element without the
need for de novo growth.

A blastic mode of ontogeny, in which each

spore is produced by de novo growth or budding could yield morphologically similar spores.
The time lapse micrographs (Fig. 4) demonstrate that the chains
of refractile spores produced by T. mentagrophytes can be legitimately
classified as arthrospores,

The conidium ontogeny was thallic, not

blastic; very little additional growth was seen and this growth was not
involved in the direct production of spores.

The connection between a

spore and the conidiogenous hypha from which it was derived extends the
full width of the hypha; no constriction of the outer wall layers is
seen.

The conidia are produced successively in time, irregularly in

space and the active sites of new septum formation, the "conidiogenous
loci" appear in an irregular fashion rather than moving either upward
or downward along the length of the hypha.

The method of secession of

the cells is by fission of inner wall at a double-walled septum.

This

mode of ontogeny has been best described in Geotrichum candidum (Cole,
1975, 1976) which is considered the type species for arthric ontogeny.
The process of spore formation in any microorganism involves a
complex series of reaction and events which may overlap one another to
varying extents.

In order to be able to meaningfully investigate and
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discuss these processes, morphological criteria have been used to divide
sporulation processes into distinct stages which probably reflect changing cell activities.

This has been done both for bacterial sporulation

(Ryter et al., 1966) and for yeast ascospore fo_r:mation (Tingle et al.,
1973).
On the basis of both light micrographs (Figs. 3-7) and electron
micrographs (Figs. 8-16), it is proposed that arthrospore formation in

I· mentagrophytes be divided into the following six stages. These
stages are represented schematically in Fig. 27.
Stage 0:

The vegetative form of the organism, characterized

by coenocytic, multiply branched hyphae with septa, containing
single septal pores, at intervals of approximately 24

~m.

Growth at this stage proceeds by apical extension and branch
formation.
Stage I:

The appearance of an inner wall layer.

The first

indication that arthrospore formation is beginning is the
appearance of a distinct inner wall layer, approximately
0.1
)

~m

thick, which is less electron dense than the 0.2

~m

thick inner wall layer.
Stage II:

The formation of sporulation septa.

The septa

are not produced at regular intervals in either time or
space, nor are they synthesized in any regular order with
respect to their position along the length of the hypha.
The septa produced are bilayered as a result of invagination
of the cytoplasmic membrane and the inner layer of the cell
wall.

When completed, the septa do not contain septal pores.

During this stage the number of nuclei per cell length
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i;ncreases so that most spores will have a single nucleus, although
a large fraction may contain two or more nuclei. The size of
intracellular lipid granules also increases during this stage.
Stage III:

Inner wall thickening,

durin~·which

the inner wall

layer becomes increasingly thick but does not change in electron
density or textural appearance, which is fibrillar in nature.
The wall thickening appears to proceed uniformly around the
circumference of the cell with no obvious preference given to
either septal wall or side wall as a site of wall thickening.
During this time the outer wall becomes uniformly thinner
along the entire hypha.
Stage IV:

The arthrospores proceed from the cylindrical shape

seen at the end of stage I to their final spherical shape.

This

may be due to an active process of cell wall synthesis and rearrangement or as the result of a passive response to internal
osmotic forces acting on the inner wall as the constraints of
the cylindrical outer walls are removed by autolytic activity
at the septal site.
Stage V:

Secession or separation of the spores into single

cell units.

This may occur simply as a result of the comple-

tion of outer wall autolysis but probably involves additional
enzymes to break active connections between spores.

At the

end of this stage, orange pigment granules, containing carotenoid pigments, appear in clusters within the spore cytoplasm.
These granules appear osmiophilic when examined by electron
microscopy.

STAGE
0
Fig. 27.

@

0
0

o ®o

]

Schematic representation of the stages of arthrospore formation in

I· mentagrophytes based on

light and electron micrographs.
tative hyphae.

Stage 0:

vege-

A single wall layer, single

walled septum,nuclei {N) and small lipid granules
are evident. Stage I:
becomes visible.
are formed.

Stage II:

Double walled septa

Stage III:

The septa are com-

pleted and the inner wall layer thickens.

The

cells begin to separate from one another.

Stage

IV and V:
breaks.

The outer wall becomes thinner and
The cells become round and separate.

Clusters of intracellular pigment granules become
visible.

II

A distinct inner wall layer

The number of nuclei and lipid gran-

ules increases.

I

m
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The septa formed during stage I appear to be different in kind as
well as in number from the septa of the vegetative hyphae.

The major

differences are the presence of two wall layers in the sporulation septa
(Figs. 10, 11, 13, 14) and the presence of a septal pore in the vegetative cells (Ito et al., 1967; Pock-Steen and Kobayashi, 1970).

This

pore is always present in the vegetative septum and is flanked by homogeneous spherical or ellipsoid septal granules (Ito et al., 1967).

Such

granules,or Woronin bodies, were observed during the formation of sporulation septa (Fig. 9A, 10) but these septa eventually fused (Fig. 98)
and the Woronin bodies were no longer present.

This absence is not

unexpected since it has been suggested that these bodies, which have
been observed in a variety of fungi, including Neurospora crassa
(Shatkin and Tatum, 1959) and Microsporum audouinii (Weiner et al., 1968h
function either in septum formation or as a closure material to block
plasma flow through the pore.
during septum formation

in~·

A similar phenomenon has been reported
candidum (Hashimoto et al., 1973).

The

septum of this fungus contains 20 to 50 micropores which become
occluded by electron dense materials.

Each segment of the hypha thus

becomes completely independent of the others.
The carbohydrate content of the newly synthesized wall is qualitatively similar to that of the vegetative cell wall.

Noguchi et al.

(1971) analyzed isolated hyphal wall and found the carbohydrate fraction

to be composed of glucose, glucosamine and mannose in a ratio of 3:3:1.
Profiles of vegetative wall (Ito et al., 1967; Pock-Steen and Kobayashi,
1970; Noguchi et al., 1971; Kitazima et al., 1972) reveal a bilayered

structure in which the outer wall layer is 2 to 3 times as thick as the
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inner wall layer.

Data obtained from hydrolysis of arthrospore walls

(Fig. 18) indicates the presence of glucose and mannose.
more glucose than mannose in the hydrolysates.
wall thickness during arthrospore formation is

There was

The increase in inner
~robably

due largely to

the synthesis of glucans, mannans, or polymers containing both sugar.
Although glucosamine was not detected in these preliminary studies, it
is extremely unlikely that it is completely absent since it is the
monosaccharide which forms chitin, a polymer universally present in
fungal cell walls.
There is insufficient data to determine whether the conversion of
the arthrospores from cylindrical to spherical cells is an active or
passive process. Active rearrangement of the linkages between cell
wall polymers is well known in procaryotic cell wall synthesis (Higgins
and Shockman, 1971).

Lytic enzymes are known to play a role in bac-

terial sporulation (Greenberg and Halvorson, 1955; Nomura and Hosada,
1956). A variety of filamentous fungi have been shown to produce wall
lytic enzymes such as N-acetylglucosaminidase,
chitinase {Lahoz et al., 1976).

e 1-3 glucanase, and

Such enzymes are thought to have a

morphogenetic role (Morton, 1967; Gooday, 1977). They would clearly
be necessary for the breakdown of the outer wall and the secession seen
in stages

IV and V and might serve in an active capacity to allow the

change from cylindrical to spherical shape.
It is also possible that the inner wall layer of the arthrospore,
rather than being rigid, is flexible.

The outer wall would provide the

structural rigidity and force the cells into a cylindrical shape.

If

this is the case, as the outer wall is lysed the cells could respond to
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internal osmotic pressures to reach their final spherical shape.
Arthrospores attain a less cylindrical and more spherical chape and
separate into single cell units more readily when grown on agar rather
than liquid culture.

Extracellular lytic enzymes would be less likely

to.diffuse away from the cells on solid media.

Arthrospores are

extremely resistant to methods of mechanical disruption such as sonication or rapid oscillation in the presence of glass beads.

This can be

seen in the protocol required to obtain only partial disruption of
spores for preparation of purified cell wall.

Recently, however, we

have been able to successfully break the arthrospore walls by first
lyophilizing the spores and then grinding the dried spores in a tissue
homogenizer.

In order to obtain an adequately freeze fractured speci-

men of arthrospores, up to 40% glycerol must be added to inhibit ice
crystal formation in the walls (personal communication, W. Samsonoff).
Finally, arthrospores, though resistant to mechanical disruption when
fully hydrated and resistant to several chemical agents, are extremely
sensitive to dessication and rapidly lose viability under such conditions (Hashimoto and Blumenthal, 1978). All of this suggests that the
arthrospore wall may not be a rigid structure, which would be more
readily fracturable, but may be more flexible, possibly containing a
large amount of water.
There are a number of metabolic changes occurring during the
course of arthrospore formation which are consistent with morphogenetic
alteration to a distinct cell type.

Such changes have been documented

in a variety of microbial differentiation systems.

During arthrospore

formation in T. mentagrophytes there was an increase in the number of
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nuclei (Fig. 5, Table 1).
tion was occurring.

This occurred during stage II, when septa-

In bacteria undergoing sporulation, DNA synthesis

was rapid during vegetative growth and ceased near the end of log phase
(Young and Fitz-James, 1959b).

In some cases

~;slow

synthesis of DNA

occurred during sporulation, but this ceased before endospore formation
(Young and Fitz-James, 1959a).

Early in ascospore formation in yeast,

meiotic division of the nuclei occurred (Hashimoto et al., 1960). This
was accompanied by an increase in the DNA concentration per cell (Croes,
1966; Esposito et al., 1969; Sando and Miyake, 1971).
In T. mentagrophytes the RNA content of cells grown at 37°C underwent several changes.

There was an initial rise upon germination of

the microconidia followed by a decline in the vegetative cells and a
second rise at 40 h, just before arthrosporulation commenced (Fig. 19).
Once sporulation had begun, there was another decrease in the RNA content per mg dry weight.

During vegetative growth of another dermato-

phyte, Microsporum guinckeanum, RNA showed an initial rise and then
remained constant up to 168 h,a period during which no sporulation
occurred (Swanson and Stock, 1966).

This type of pattern of change in

RNA content during sporulation has been observed in other organisms.
In S. cerevisiae the RNA content increased 4-6 h after cells are transferred to sporulation medium (Sando and Miyake, 1971; Esposito et al .,
1969) and then began a steady decline after sporulation had commenced
(Croes, 1967a).

RNA synthesis was required for sporulation in Neuro-

spora crassa (Totten and Howe, 1971). That which was required for
conidiophore formation at 2.5 h was synthesized before 0.5 h after
induction.

The RNA synthesis necessary for the formation of macro-

~04

conidia (4.5 h) occurred at 3.5-4 h.

In bacteria, the vegetative cells

contained approximately twice the RNA of the spores (Fitz-James, 1955).
The total intracellular RNA

rema~ned

constant during sporulation,

decreasing only at the end (Young and

Fitz-Jame~~

1959b).

Although

there was no net synthesis, active RNA turnover occurred (Young and
Fitz-James, 1959a, b).

In the arthrospores, the increase at 40 h

suggests de novo RNA synthesis necessary for sporulation such as was
seen in Saccharomyces (Sando and Miyake, 1971; Esposito et al., 1969)
and Neurospora (Totten and Howe, 1971).
The changes in protein content during arthrospore formation
parallelled the change in RNA content except for the lack of an initial
rise upon germination (Fig. 19).

In contrast, vegetative cells of

M. quinckeanum showed no change in percent protein from 24 to 168 h
(Swanson and Stock, 1966).

Increases in protein content early in sporu-

lation have been reported in Saccharomyces (Crees, 1967a; Esposito et
al., 1969; Sando and Miyake, 1971) and in Neurospora (Urey, 1971).
Both the RNA and protein increases in
changes in cell biosynthetic patterns.

I· mentagrophytes signal major
The lack of initial increase in

protein content may reflect metabolic adaptability of

I· mentagrophytes

which allows it to revitilize cellular components with a high degree of
efficiency.

This results in no net increase in protein although syn-

thesis of new proteins is likely to be occurring.
of the metabolic adaptability of

Another indication

I· mentagrophytes can be seen in the

ability of young hyphae, which have not initiated arthrospore formation,
to sporulate in a minima 1 medi urn containing only glucose and salts (Tab 1e 9 ).
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Once arthrospore formation had commenced, no exogenous nutrients were
required; sporulation proceeded endotrophically.

These data suggest

that vegetative cell components are primarily being used for synthesis
of spore components.
· As demonstrated by an increase in the size of intracellular
granules stained by Sudan Black B (Fig. 6) the lipid content of the
cells increased during arthrospore formation.

This may be partially

related to the occurrence of intracellular pigment granules but is not
exclusively confined to those granules since the pattern of deposition
within the cells does not exclusively correspond to the location of the
pigment granules (Fig. 7).

Lipid storage is common in other fungal

spores (Pontefract and Miller, 1962).

Both macroconidia and ascospores

of!· crassa utilized storage lipid for the maintenance metabolism

•

occurring during dormancy (Bianchi and Turian, 1967b; Lingappa and
Sussman, 1959).

It is likely that this is also the case forTrichophyton.

Studies of endogenous respiration and respiration using glucose as
a substrate are difficult to interpret (Fig. 21).
tion was high, from 5 to 15

Endogenous respira-

~1

02/mg dry wt/h (Q ). Endogenous
02
respiration increased at 36 h (Fig. 21 inset) and then decreased.

Glucose respiration approximately followed the pattern of endogenous
respiration up to 48 h of growth (The net respiration (Q 02 glucose-Q 02
endogenous) was highest at 12 h (Fig. 21 inset) and then remained
relatively constant to 48 h.

The interpretation of this data is diffi-

cult for a number of reasons.

Dermatophytes have a high rate of endo-

genous respiration (Stock and McPherson, 1964; McBride and Stock, 1966)
which cannot be readily lowered without drastically altering the
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physiological state of the cells.

Investigation of the problem of

endogenous reserves in other filamentous fungi, Penicillium chrysogenum
and Neurospora crassa, (Blumenthal, 1963) revealed that the rate of
endogenous metabolism could be inhibited to
addition of an exogenous substrate.

var~jng

degrees by the

This effect was modulated by such

factors as the nature and concentration of the exogenous substrate,
carbon source for growth, culture age, growth temperature and whether
or not the cells were starved.

The data in Fig. 21 show that there

was no appreciable differences in Q at glucose concentrations of 28
02
mM or 56 mM in 24 h and 48 h cultures. In the older (96 and 168 h)
cultures, there may be an actual suppression of respiration in the
presence of exogenous glucose but it is more likely that this simply
reflects the relatively wide range of variability observed from culture
to culture since there was no statistically significant difference
·between endogenous and glucose respiration in those cultures.
Oxygen was found to be a requirement for sporulation in other
fungi.

In Neurospora, metabolism was primarily oxidative although

vegetative metabolism was largely fermentative (Turian, 1973).
spore formation in

~·

Acso-

cerevisiae was also found to be an aerobic process.

The metabolism of the vegetative yeast cells was primarily fermentative,
but both exogenous and endogenous respiration were increased during the
early stages of ascospore formation in Saccharomyces (Croes, 1967a);
Vezinhet et al., 1971).

It appears that in Trichophyton the maximum

rate of endogenous respiration occurred during vegetative growth and
that respiration of exogenous substrate either decreased after arthrosporulation or caused a suppression of endogenous respiration (Fig. 21).
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In addition to the changes in DNA, RNA, protein and lipid content
'

and in respiration which are seen during sporulation in many microorganismsJ there are other changes which are characteristic of sporulation in microorganisms.

Accumulation of

compounds often occurs.

Members of the genera Bacillus and Clostridium

specif~c

and sometimes novel

accumulate calcium {Curran et al., 1943; Wooley and Collier, 1965) and
dipicolinic acid {Powell, 1963; Day and Costilow, 1964) during sporulation.

During ascospore formation in S. cerevisiae, free proline is

accumulated within the ascospore {Ramirez and Miller, 1963, 1964).

One

group of unique compounds found to be accumulated during arthrospore
formation in T. mentagrophytes has pigments (Fig. 7, 16, 20) which have
been characterized as carotenoid {personal communication, T. Hashimoto);
it is likely that other, as yet undetected compounds are also accumulated.

Carotenoid pigments associated with the cytoplasmic fraction

have been reported in other fungal spores including the uredospores of
rust fungi (Irvine et al., 1954; Hougen et al., 1958).
Antibiotic production is also associated with sporulation.

This

has been reported for the polypeptide antibiotics such as bacitracin,
polymyxin and gramicidin produced at the onset of sporulation in
Bacillus species {Hurst, 1969).

Both Penicillium chrysogenum {Righelato

et al., 1968) and Cephalosporium acremonium (Nash and Huber, 1971;
Queener and Ellis, 1975) produce penicillin and cephalosporin, respectively, at the onset of sporulation.

Antibiotic production has been

reported among species of Trichophyton and Epidermophyton, (Noble et al.,
1976) but their relationship to sporulation is as yet unknown.
There has been no data presented in this dissertation which indicate that the arthrospores are truly dormant as are bacterial spores
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(Sussman and Halvorson, 1966; Sussman, 1969).

However, Hashimoto

and Blumenthal (1978) have demonstrated that the arthrospores of

I· mentagrophytes were resistant to chilling and freezing. Although,
they were found to lose viability rapidly upon dessication, this
susceptibility could be greatly reduced by the addition of exogenous
protein before drying.

Arthrospores were also more resistant to common

antifungal agents such as clotrimazole, griseofulvin, miconazole
nitrate and nystatin than were the vegetative cells.

All the data

suggest that arthrospores are truly a distinct dormant cell type in the
life cycle of

I· mentagrophytes.

A variety of conditions were found which either supported or
stimulated arthrospore formation in

I· mentagrophytes, including temp-

erature, (Table 2-4), oxygen tension, (Fig. 23) and composition of
complex media (Figs. 24-26).

Arthrospore formation was initiated in

. SOB after 48 hat temperatures ranging from 32°C to 37°C {Table 4).

The

48 h period of incubation at the conducive temperature was constant
regardless of the age of the culture upon transfer to that temperature
{Table 3).

Temperature appeared to affect initiation rather than com-

pletion of sporulation since cultures which had been allowed to initiate
sporulation at 37°C could complete the process at 30°C.

It is likely

that during the 48 h period certain metabolites are bejng accumulated
to a critical level necessary to trigger the events which can first be
detected by the increase in RNA and protein content at 40 h.

The

accumulation of critical levels of metabolic intermediates had been
implicated as a triggering mechanism for differentiation in bacteria
(Vinter, 1969), fungi (Smith and Galbraith, 1971) and higher eucaryotes

1M

(Wright, 1973).
The effect of temperature on arthrosporulation was not absolute.
Changes in medium composition altered the ability of
to produce arthrospores.

I· mentagrophytes

When neopeptone was used as both a nitrogen

and a carbon source, large numbers of arthrospores were formed at 30°C
(Fig. 24, 25).

Other complex peptide sources also supported arthro-

sporulation at 30°C (Fig. 25).

These data suggest that high concentra-

tions of amino acids and peptides alone may provide an unbalanced
nutritional condition which is less favorable to vegetative growth and
stimulates arthrospore formation.

Addition of glucose to neopeptone

medium suppressed arthrospore formation at 30°C (Fig. 26) but not all
carbon sources had a similar effect (Table 6).

Those carbon sources

which suppress sporulation on neopeptone at 30°C may be those which
are better carbon sources and provide a carbon nitrogen balance most
conducive to vegetative growth.

There may also be a catabolite repres-

sion system(s) at low temperatures which only certain carbohydrates can
control.

Such systems have been implicated in sporulation control in

both bacteria (Bernlohr and Leitzmann, 1969) and fungi (Tsuboi.et al.,
1972; Turian, 1973; Turian and Khandjian, 1973).

I· mentagrophytes was able to produce arthrospores at 37°C when
young hyphae were inoculated into a minimal medium consisting of phosphate, other inorganic salts, and a carbon source.

Although the

carbon source could be either a carbohydrate or an amino acid, not all
carbohydrates or amino acids were suitable.
three categories,as seen in Table 7.

Carbohydrates fell into

The first was good carbon sources

such as glucose,which supported arthrospore formation with or without
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the addition of an amino acid.

Acetate, a relatively poor carbon

source, supported arthrosporulation only in the presence of a supplemental carbon and nitrogen source.

Finally, succinate showed a suppres-

sive effect on arthrospore formation.

Sporula~ion

was low even in

succinate plus alanine, although alanine alone supported abundant
arthrosporulation.
The amino acids also seemed to fall into several categories, those
which supported abundant arthrospore formation at 37°C, those which
supported only moderate arthrospore formation at 37°C, those which did
not support arthrospore formation at 37°C, and those which did not support growth at 37°C (Table 8).

In general, those amino acids which

would not support arthrospore formation were those which, when metabolized, feed into the tricarboxylic acid cycle either as a-ketoglutarate
or succinyl CoA.

Those which supported sporulation tended to be amino

acids which are metabolized via pyruvate or other compounds which are not
directly involved in the TCA cycle.

Several of the amino acids which

supported arthrosporulation, serine, glycine, alanine, and histidine,
were found to be the predominant free amino acids on human skin (Burke
et al., 1966).
When the minimum requirements for arthrosporulation were sought,
it was found that arthrospore formation was able to proceed endotrophically, without the use of exogenous nutrients, once the sporulation
process had initiated (Table 9).

Cultures which had not initiated

sporulation required only a carbon source and inorganic phosphate.
The ability of vegetative cells of some spore forming bacteria to
sporulate in water has long been known and has been successfully
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exploited in studies of the requirements for sporulation and of the
regulatory abilities of cells undergoing differentiation.
have been reviewed by Vinter (1969).

Many of these

Differentiation in lower eucary-

otes has also been examined under endotrophic conditions to investigate
the changes in intracellular metabolites which occur when only endogenous energy sources are available (Killick and Wright, 1974). The
ability of

I· mentagrophytes to commence sporulation in a well defined,

minimal medium and to complete sporulation in the absence of exogenous
nutrients could be usefully exploited in further studies of the control
of arthrospore formation.
Some sporulating microorganisms, including Bacillus cereus (Vinter
and Slepecky, 1965) and the fungi

~·

crassa {Cortat and Turian, 1974)

and Penicillium urticae {Sekiguchi et al., 1975), could be induced to
sporulate shortly after germination without the intervention of a vegetative cycle of growth.

This was termed microcycle sporulation and

could be achieved in B. cereus and f. urticae by nutrient deprivation
immediately after germination (Vinter and Slepecky, 1965; Sekiguchi
et al., 1975) and

in~·

crassa by temperature shock after germination

(Cortat and Turian, 1974).

In

I· mentagrophytes, 12 h cultures,

consisting of germ tubes with an average length of 8 to 10

~m,

formed

arthrospores in 56 mM glucose or 25 mM 1-alanine and inorganic phosphate after growing to an average of 50

~m

{Table 9).

Although this
'

was not, strictly speaking, microcycle conidiation, it is likely that
such an event could be induced and would provide yet another useful
tool for studying arthrospore formation.
The atmosphere of incubation was found to affect arthrosporulation
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(Fig. 22) but not due to increased carbon dioxide tension, as had
been suggested by King et al. (1976).

Replacement of air by either N2

or C0 2 stimulated arthrosporulation to the same extent (Fig. 23).
neither the use of NaOH pellets as a C0 2

absor~ant

Since

nor the addition of

NaHC0 3 to provide excess C0 2 in solution had an effect on results
obtained in excess nitrogen or air, respectively, it seems reasonable
to conclude that stimulation was due to lowered oxygen tension.

I· mentagrophytes exhibited a decreased growth rate at 32°C in
Sabouraud's medium, at 30°C in 1% neopeptone, and in the presence of
subinhibitory concentrations of antifungal agents, conditions which
allowed arthrospore formation, when compared to the growth rate under
conditions where arthrospores were not formed (30°C, Sabouraud's medium;
Table 4, 10). Decreased growth rate was found both early in growth
(germ tube elongation rate) and after two weeks (colony diameter).
Although the growth rate under reduced oxygen tension was not determined
it is likely to be lower than the growth rate undera normal atmosphere
since

I· mentagrophytes is an obligate aerobe.
Correlations between nutritional state, arthrospore formation and

growth rate have been reported in Geotrichum (Kier et al., 1976; Robinson and Smith, 1976) and Neurospora (Turian, 1973). Morphogenetic
effects of antifungal agents have been reported for a variety of fungi,
including Alternaria tomato (Yoshioka et al., 1975) and Paecilomyces
viridis (Barathova et al., 1977).

There has also been a report of the

effect of ramihyphin A on the morphologic changes in a number of filamentous fungi, including Microsporum canis, Trichophyton mentagrophytes,
Blastomyces dermatitidis, Coccidiodes immitis, and Histoplasma capsula-
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tum (Barathova et al., 1975).
The decrease in growth rate at 37°C in SOB was not accompanied by
a parallel decrease in other metabolic activities such as endogenous
respiration, respiration in the presence of

a~

oxidizable substrate,

and uptake and oxidation of metabolizable substrates (Table 5).

This

unbalanced growth condition would be likely to result in the alteration of the concentration of one or more metabolites away from the
intracellular concentrations found under conditions which sustain
vegetative growth.

Such an alteration was also suggested above based

on the 48 h period of growth at 37°C in SOB which was required to
trigger arthrosporulation.
Based on the data obtained, it is hypothesized that arthrospore
formation in

I· mentagrophytes occurs when the environmental conditions

cause a decrease in apical extension without a concommitant decrease in
other metabolic processes, resulting in the alteration of the levels of
some unknown metabolites above or below a critical intracellular concentration.

It is this accumulation which triggers the alternative

biosynthetic modes leading to arthrosporulation.

Such accumulation

might also occur by stimulating production or decreasing utilization
of the critical metabolites.

The effects of various amino acids and

carbohydrates (Table 6, 7) suggest that metabolites preceding the TCA
cycle, such as acetyl CoA, which would be involved in gluconeogenesis,
carotenoid and lipid metabolism, and which would be affected by alterations in glycolytic and oxidative metabolism might be a candidate for
such a critical metabolite.
Substantiation of our hypothesis and continuation of the study of
arthrospore formation in

I· mentagrophytes requires examination of
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metabolic pathways, cell wall composition, cell wall biosynthesis and
production of secondary metabolites.

Intracellular concentration of

key metabolites and activities of enzymes involved in the Embden-Mayerhof (E-M) and hexose monophosphate (HMP) pathways and the tricarboxylic
acid cycle (TCA) should be determined during the course of arthrospore
formation and in the same strain grown under nonsporulating conditions.
This would determine whether the concentration of any metabolites are
changing or any key enzyme activities are altered under conditions
which allow arthrospore formation.

The effect of inhibitors such as

iodoacetate or arsenate, which inhibit glycolysis, arsenite, which
inhibits formation of acetyl CoA from pyruvate, and malonic acid,
which inhibits the TCA cycle should indicate the importance of these
pathways in the activation or repression of arthrosporulation.

For

instance, if accumulation of acetyl CoA or a concomittant decrease
in another intermediate were important for triggering arthrospore
formation, one might expect that the addition of a compound which
blocked the TCA cycle to cells grown under nonsporulating conditions
would stimulate arthrospore formation.

Since a high level of biosyn-

thetic activity must be undertaken by the cells to achieve the structural changes seen, it might be useful to examine the channeling of
carbohydrate through the E-M and HMP pathways to determine if and when
a change in the relative activities of these pathways occurs.
In addition, to the relation of metabolic changes to arthrospore
induction, there are several other aspects of arthrosporulation which
might be pursued.
wall of

The striking ultrastructural changes seen in thecell

I· mentagrophytes during arthrospore formation should be further

investigated by an analysis of the constituents of the cell wall.
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Recently improved methods of growth of

I· mentagrophytes for

obtaining a high yield of arthrospores and the dry grinding method for
breaking arthrospores should provide a means of obtaining sufficient
clean arthrospore walls for analysis.

The activities of cell wall syn-

thetic and lytic enzymes during arthrospore formation also bear examination to expand our understanding of this process.

Finally, the accumu-

lation of carotenoid pigments, which have not been previously reported
in dermatophytes, should be examined.

These pigment granules appear

to be uniquely associated with arthrospore formation.

Careful study of

the ontogeny of these granules, the factors which affect their

formatio~

and the possible functions of these pigments in the dormancy of arthrospores may provide insight into the role of arthrospores in infectivity.
To undertake these studies, both genetic variants of

I·

mentagro-

phytes and specific conditions of growth should be exploited.

A non-

sporulating, naturally occurring mutant of T. mentagrophytes, referred
to by various investigators as "cotton", "downy", or "adowny", can be readily isolated from the wild type, "granular" strain.

Mating studies have

shown this to be a single locus, two allele mutation (Maniotis, 1973).
Comparison of granular

I· mentagrophytes cultures at 30°C, which

exhibit a high growth rate and no arthrospore formation should be made
with cultures grown at 37°C and at 26°C.

At the last two temperatures,

growth rate is decreased, but only at 37°C are arthrospores formed.

The

ability of arthrospore formation to initiate under minimal nutritional
conditions and to proceed endotrophically could be successfully exploited for studies of changes in metabolites and storage compounds.

These

conditions are also well suited for following the fate of specific
compounds, labeled with radioisotopes, throughout sporulation.

Esta-
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blishment of a well defined system for inducing microcycle sporulation
would provide another useful tool to separate events of vegetative
growth from events of arthrospore formation.

Other isolates of

I· mentagrophytes, other species of Trichophyton, and isolates of other
dermatophytes such as Microsporum and Epidermophyton should be studied
to see if the same conditions stimulate arthrospore formation in these
organisms.

It would be of interest to determine whether the conclusions

drawn about T. mentagrophytes ATCC 26323 are applicable to all dermatophytes.
One of the primary goals in studying arthrospore formation in
T. mentagrophytes is to further our understanding of the role of this
cell type in the establishment and recurrence of ringworm infection.
Many of the factors found to be favorable to arthrospore formation in
vitro are similar to the conditions found in infected tissue.

These

include temperature, lower oxygen tension, and the presence in skin of
free amino acids which allow arthrospore formation.

Transmission of

infection is thought to be indirect, occurring via fallen, infected
hairs and loosened infected squames (Rippon, 1974).

Containment within

these tissues is probably sufficient to provide the protection against
dessication which Hashimoto and Blumenthal (1978) have found necessary
to maintain viability of the arthrospores.

The high degree of resis-

tance of the arthrospores to mechanical stress together with the other
factors mentioned makes this cell type well suited for a role in
transmission and recurrence of dermatophyte infection.

SUMMARY
The ultrastructure and physiology of arthrospore formation in

..

Trichophyton mentagrophytes strain ATCC 26323 was examined.

When micro-

conidia were inoculated into Sabouraud's dextrose broth and incubated
at 37°C, vegetative growth occurred for 40-48 h.

At 48 h, the growth

rate (dry weight) decreased and the hyphae developed numerous septa.
The cells delimited by these septa became spherical and refractile
within 5-7 days.
The ontogeny of the spores was found, by time lapse photomicrography, to be purely arthric, the spores being derived from pre-existing hyphal elements.
irregularly in space.

The septa were produced successively in time and
The sites of new septum formation appeared in an

irregular fashion rather than moving either upward or downward along the
length of the hypha.

Light microscopy also revealed that the number of

nuclei increased early in sporulation, the amount of lipid increased,
and intracellular pigment granules accumulated at the end of the sporulation process.

When acid hydrolysates of isolated arthrospore walls

were subjected to descending paper chromatography, glucose and mannose
were the only reducing sugars.
Data obtained from electron micrographs suggested that the sporulation process can be divided into six stages:

vegetative growth (stage

0); appearance of a distinct inner wall layer (stage I); formation of
non-perforate double walled sporulation septa (stage II); wall

thicken~

ing, during which the inner wall layer increased in thickness while the
117
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outer wall layer became thinner (stage III}; arthrospore rounding (stage
IV}

and,~ecession

of the spores into single cell units (stage V}.

During sporulation, RNA content showed an increase approximatelyat
40 h of incubation, just before the first stage_of sporulation began.
PrQtein content showed a similar increase at 40 h.

Endogenous respira-

tion remained constant throughout a seven day incubation under sporulation conducive conditions, but respiration of exogenous glucose was
highest shortly after germination of microconidia (12 h) and decreased
upon arthrospore formation.
(

A variety of physiological conditions affected arthrospore formation.

In Sabouraud's dextrose medium (1% neopeptone, 4% glucose}

arthrospores were formed at temperatures between 32°C and 39°C. Certain
incubation conditions allowed arthrospore formation at 30°C.

These

included incubation under decreased oxygen tension and growth on neepeptone or other complex peptide sources without a supplementary carbon
source.

Arthrospores could be formed in a minimal salts medium (M-medium}

if either a good carbon source, such as glucose, is supplied or a poorer
carbon source, such as acetate, is supplemented with an amino acid which
will allow arthrospore formation.

Of 15 amino acids tested which

allowed growth, 7 supported arthrospore formation and 8 did not.

Inor-

ganic nitrogen sources were also not suitable for arthrospore formation.
Once sporulation had begun, it could proceed endotrophically;i.e. no exogenous nutrients were required for completion of the sporulation process.
There was a correlation between arthrospore formation and a
reduced rate of apical growth.

At 32°-37°C in Sabouraud's medium, and

at 30°C in 1% neopeptone, or in SOB containing sublethal concentrations
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concentrations of antifungal agents, conditions which are conducive for
arthrospore formation, growth rate as determined both by germ tube
elongation and colony diameter was slower than at 30°C in Sabouraud•s
medium.

Although the elongation rate was decreased at 37°C, other

metabolic activities, including oxygen uptake, respiration of glucose
and leucine and uptake of glucose and leucine proceeded at comparable
rates at 30°C and 37°C.

This suggests that arthrospore formation is

induced by conditions which lead to a state of unbalanced growth,
possibly allowing changes in levels of some metabolite(s) above or
below a critical concentration.
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